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ABSTRACT

Finish rolling of low carbon strip below Ar3 has been found to offer a number of
advantages during subsequent processing. This has been associated with the substantial
ferrite grain coarsening which occurs after rolling below Ar3. In the present work three
steels ranging in carbon content from 0.005 to 0.1 %C were deformed at a series of
temperatures below Ar3 using hot compression. It was found that coarse ferrite grain
size occurred in all three steels provided that certain processing conditions were met. In
0.05 and 0.005%C steels coarse ferrite grain size was exhibited at finish deformation
temperatures (FDT’s) ranging from 640°C to 790°C, provided that the finishing strain
was above a critical level (Sent). This was due to the fact that reasonably high femte
volume fraction was present at these temperatures in these steels. In 0.1 %C steel, on
the other hand, high austenite volume fraction occurred at the highest FDT (ie 790°C).
This led to the production of considerably finer grain size than that at lower FDT. This
indicates that coarse ferrite grain size is associated with presence of ferrite during
deformation whereas fine grain size is associated with austenite.

In addition to the effect of FDT, the effect of finishing strain was also investigated. It
was found that the grain size after finish deformation decreased with increase in strain
above scnt (approx 0.15). As a result the largest grain size occurs at slightly above e^t.
In all three steels the value of Bent increases with decrease in FDT, although 0.005 and
0.05%C steel show reasonably constant ecrit over the range of FDT’s from
790°C-690°C. At the lowest FDT of 640°C, 8«! is considerably higher than at all other
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FDT’s which means that ferrite grain coarsening is more difficult to achieve at this
temperature.

In 0.005%C steel grain coarsening was found to be due to ferrite recrystallization even
at low finishing strain. Nucleation occurs predominantly at the ferrite grain boundaries
with low nucleation density leading to coarse grain size. In 0.05 and 0.1 %C steel ferrite
recrystallization also dominates particularly at lower FDT’s. In this case, however,
nucleation occurs preferentially near second phase particles (ie austenite or cementite
and as such the grain size is finer due to increased numbers of nuclei! At higher FDT’s
in 0.05 and 0.1%C steel it appears that an additional mechanism known as
transformation induced coarsening (TIC) can operate. It is possible that both TIC and
ferrite recrystallization are competing mechanisms with the dominant mechanism being
determined by FDT and finishing strain.

Prediction of ferrite grain size in all three steels was achieved by use of an empirical
recrystallization equation. In 0.005%C steel a good correlation was obtained between
predicted and measured grain size at all FDT’s examined. In 0.1 and 0.05%C steel the
situation is more complex due to the presence of austenite phase at higher FDT’s. An
attempt was made to compensate for this by separately calculating ferrite grain size
from two different sources (ie deformed austenite/deformed ferrite) and then combining
these in the relevant proportions to predict final grain size. Comparison between grain
size predicted in this way and measured grain size indicates good agreement, although
at higher FDT (ie near Ars) the grain size is slightly overpredicted. The good agreement
between predicted and measured grain size at low FDT is strong evidence for the
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occurrence of ferrite recrystallization in this range ofFDT’s, whereas the overprediction
at higher FDT suggests that TIC can operate. Although it is possible that other factors
are responsible for the measured grain size being lower than predicted.

CHAPTER ONE
1. Introduction

Cold rolled low carbon steel sheets are known for their high gage accuracy and
attractive surface appearance (Satoh et al, 1985). Today these steels are produced in
large quantities in hot wide strip mills. Aluminium killed low carbon steels have long
been used for applications where low temperature formability properties are important
(Ushioda et al, 1992; Hashimoto et al, 1990; Kwon et al, 1990; Satoh et al, 1989).
This is due mainly to the high ductility and low yield strength properties which occur
after hot rolling (Satoh et al, 1985). In the past these steels have also been produced
via the batch annealing process for use in deep drawing applications (Satoh et al,
1985; 1989). However, with the onset of continuous annealing technology there has
been difficulty in achieving the deep drawing quality which was previously attainable
in batch annealed sheets (Ushioda et al, 1992; Satoh et al, 1989). As a result of this
problem, interstitial-free grades are nowadays commonly used for applications where
deep drawing quality is desirable (Langley, 1991). These steels overcome some of the
main problems associated with the use of aluminium killed grades but they require
exceedingly low carbon contents and the addition of expensive alloying elements such
as titanium and niobium (Ushioda et al, 1992). Several researchers have directed
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investigation towards overcoming some of the inherent problems associated with the
production of deep drawing aluminium killed steel grades through utilisation of
improved processing variables (Ushioda et al, 1992; Seter ei at, 1984).

In conventional processing of aluminium killed steels for deep drawing applications
finish rolling above Ar3 (about 850°C) is employed. This is necessary to ensure that all
aluminium nitride is kept in solution during the stage of the hot coiling operation. The
utilisation of a high finish rolling temperature also necessitates the use of a high slab
reheating temperature of 1200°C or above, so that high finishing delivery
temperatures can be achieved. The high slab reheating temperature ensures the
complete dissolution of aluminium nitride prior to finish rolling (Satoh et al, 1985). It
is clear though that an increase in the slab reheat temperature is accompanied by a
vast increase in heating energy requirements, while there are also other property
effects such as deterioration in surface properties due to high temperature oxidation
(Satoh et al, 1985).

As already mentioned, with the advent of the continuous annealing process several
other problems have been experienced. This is due to the more rapid heating and
cooling rates utilised leading to a lower amount of time available for high temperature
soaking during annealing (Junius, 1989). Perhaps the most significant problem
associated with the continuous annealing process is that the cementite precipitates
formed in aluminium killed low carbon steel can be detrimental to deep drawing
properties (Ushioda et at, 1992; Junius, 1989). In order to avoid this, it is necessary
to utilise high coiling temperatures following hot rolling to promote coarsening of
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cementite particles, since this reduces the frequency of nucléation of randomly
oriented grains during the subsequent annealing process. This is necessary to ensure
the strong (111) texture formation during annealing and thus the required drawability
properties (Ushioda et al, 1992).

The utilisation of a high coiling temperature is also necessary to ensure complete
precipitation of aluminium nitride during coiling. This reduces the amount of nitrogen
dissolved in the hot band which in turn inhibits the precipitation of fine aluminium
nitride and encourages grain growth during continuous annealing (Ushioda et al,
1992). The utilisation of a high coiling temperature also has a number of
disadvantages such as:

1) A sharp drop in product quality at the front and tail ends of the coil which gives a
lower product yield (Seter et al, 1984).

2) Increase in the thickness of oxide scale giving a poorer pickling performance
(Ushioda et al, 1992).

3) Increased likelihood that formation of coarse grains in the surface layer of the hot
rolled band will occur (Ushioda et al, 1992).

As a result of these problems, it is highly desirable to utilise a low coiling temperature
so long as comparable deep drawing properties are obtainable. As reported by other
authors (Ushioda et al, 1992), this is possible through manipulation of chemistry and
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utilisation of a lower reheat temperature.

Continuous annealing also introduces additional problems relating to the anti-aging
requirement of these types of grades. For a long time it was not possible to produce
continuous annealed low carbon aluminium killed sheet with a similar anti-aging
property to that produced via the conventional batch annealing process (Ushioda et
al, 1992; Satoh et at, 1989). This was due to the fact that there was insufficient time
for all the solute carbon to precipitate as cementite during the annealing process
(Junius, 1989), which was most likely due to the higher cooling rates which are
inherent in the continuous annealing process.

Although some of these factors which have been discussed initially posed problems,
they have now largely been overcome through manipulation of continuous annealing
heating cycles and by careful control of chemical composition. In general the trend has
been towards lower carbon and manganese levels with overaging being carried out
during the continuous annealing cycle (Ushioda et al, 1992).

More recently, in the case of both low carbon aluminium killed and interstitial free
steels there has been a push towards lowering the finish rolling temperature below Ar3
(Satoh et al, 1985; Bleck et al, 1993; Nakazato et al, 1983; Cantineaux et al;
Hashimoto et al, 1990). This process has been termed in the literature as either “warm
rolling” (Barnett et al, 1995) or “ferrite phase rolling” (Messian et al, 1992; Bleck et
al, 1993). There are a number of advantages, related to processing, which exist when
utilising a low finish rolling temperature. Some of the important ones include:
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1) Decreased finish rolling loads - due to fact that there exists a relative minimum in
flow stress at just below the Ar3 transformation temperature (Bleck et al, 1993;
Reynolds et al, 1962).

2) Improved gage accuracy - since inhomogenous transformation from y -*a during
cooling can result in strip guidance and shape problems. This is especially bad in the
final stands of the finishing train when the strip is thin and runs fast
(Bleck etal, 1993).

3) Lower energy consumption during heating - resulting from a lower slab reheating
temperature which can nearly always be utilised in conjunction with a lower finish
rolling temperature (Satoh et al, 1985; Langley, 1991).

As can be seen the processing advantages are numerous and consequently ferrite
phase roiling is becoming increasingly popular. In addition an improvement in steel
properties also appears to be possible, provided that certain processing conditions are
met.

In the case of interstitial free steels the advantage lies in the production of a hot band
structure with even higher deep drawability (Lankford r-values) after subsequent cold
rolling and annealing (Langley, 1991). Whereas in the case of aluminium killed low
carbon steels the possibility exists for the production of potentially softer steel grades
by rolling below Ar3 (Bleck et al, 1993; Nakazato et al, 1983; Cantinieaux et al,
c l990). These softer grades have an even higher ductility and tend to be of much
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more homogenous quality. This is advantageous in grades suitable for forming
(eg cold forming grades) where drawability is not a prime concern. The lower yield
stress of warm rolled grades (approx 180MPa as opposed to 230MPa for austenitic
rolled grades) means that considerable power savings can be achieved during
subsequent cold forming operations as shown in Figure 1.1 (Nakazato et at, 1983).
Productivity improvements can also be obtained with enlarged cold rolling limits. It
has been shown that 30-40% productivity increases can be obtained in a reversing mill
when the hot strip is rolled in the ferrite phase (Cantinieaux et at, c l990).

A further advantage lies in the large range of structures which can be produced by
varying finish rolling temperature (FRT) and coiling temperature (CT). It is possible
to develop coarse or partially recrystallised structures depending on these two
variables. In general, it appears that coarse structures are favoured when high CT’s
are used while partially recrystallised structures dominate at low CT’s. It is the
coarsening of grains which accounts for the observed softening which occurs (Bleck
et al, 1993; Cantinieaux et al, c l990). Generally the purer the steel grade, the more
prone it is to rapid grain coarsening and hence softening during finish rolling below
Ar3 (Bleck etal, 1993; Yodopivec etal, 1988; Kwon et al, 1988).

One final advantage exists in that improved surface flatness of strip can be achieved in
ferrite rolled grades due to lower edge wave (Nakazato et al, 1983). Edge wave
relates to the surface curvature of strip and results from the bending of rollers during
cold reduction. In the case of ferrite rolled grades it is typical within the hot band to
obtain large grains in the centre of strip with deformed elongated grains on the edges
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(Honeyman et al, 1957). The result is that the strip edges are considerably harder than
the centre (Nakazato et al, 1983). When a flat shaped cold roll is used with this type
of structure, the result is a lower edge wave than for the same composition steel
which has been finish rolled above A13 followed by subsequent cold rolling with a
convex shaped roll. This is extremely important for strip used in can making for
containers which are to be tin plated since excellent flatness is required. As a
consequence ferritic phase rolling can be used in combination with improved cold
rolling techniques to obtain the required flatness (Nakazato et al, 1983).

On an industrial scale, possibly the most important of all of the previous factors is the
potential for the production of softer aluminium killed grades through utilisation of
grain coarsening after ferrite phase rolling. However as already mentioned, it appears
to be more difficult to obtain these desirable coarse (low yield) structures with
increasing carbon and aluminium nitride levels (Bleck et al, 1993; Vodopivec et al,
1988; Kwon et al, 1988). This is most likely a result of the increased pinning force
which is present with higher amounts of these elements. In a recent study (Vodopivec
et al, 1988), grain coarsening after ferrite phase rolling was achieved after moderate
strains in steels up to a carbon content of 0.04%, whereas in steels with higher carbon
levels the volume fraction of these large grains was observed to decrease
proportionately. The growth in this case was considered to be due to a strain induced
mechanism which was subsequently termed as deformation induced grain boundary
migration (DIGBM). Similar results have been reported by other authors (Kwon et al,
1988) who also achieved grain coarsening in a 1008 steel which contained 0.04% C.
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As will be discussed in a subsequent section the process of DIGBM appears to be
similar to the grain coarsening which occurs in iron deformed at room temperature at
considerably lower strains followed by annealing (ie strain annealing). In both cases
the driving force is provided by the strain energy stored following deformation, with
selected low strain grains being able to grow in a manner similar to that which occurs
during primary recrystallization (Vodopivec et at, 1988; Kwon et al, 1988). The final
grain size is determined by the number of growing nucleii (Antonione et al, 1973).

The coarsening of ferrite grains after deformation can also occur as a result of the
secondary recrystallization mechanism (Nakae et al, 1973; Nakashima et al, 1991;
Pease et al, 1981; Sakai et al, 1981; Inokuti et al, 1981; Harase et al, 1990a; 1990b;
1990c). This is generally considered to occur after higher strains following primary
recrystallization, since in the past it has been found that at least 60% strain is required
for primary recrystallization of ferrite to occur (Gohda et al, 1981). Unlike strain
annealing, secondary recrystallization is not driven by differences in strain energy. The
reason for its occurrence is thought to be due to differences in grain boundary
mobility between grains of different orientation (Abbruzzese et al, 1986; Yushitomi et
al, 1993). Secondary recrystallization is therefore more of an accelerated grain
growth process where stable nuclei with higher boundary mobility’s grow rapidly to
dominate the structure (Harase et al, 1990a; 1990b; 1990c). As a result, it is usual for
a sharp texture to be produced by this type of growth. In the past, this mechanism has
been used for the production of the ideal Goss texture {110}<001> in silicon
electrical steels which is necessary for their excellent soft magnetic properties
(Yoshitomi et al, 1993; Shimizu et al, 1989a; 1989b; Harase etal, 1987).
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Secondary recrystallization can also occur as a result o f the coarsening of precipitate
particles. This results in a loss o f gram boundary pinning force and therefore
resistance to normal grain growth (Rios, 1992; Mizera et al, 1988; Titorov, 1992). In
the case o f aluminium nitride precipitates, this type o f secondary recrystallization has
been observed at elevated temperatures in the austenite phase (Gladman et al, 1967),
as well as during annealing within the ferrite phase (Ochiai et al, 1986).

Perhaps the most recent work on a 0.05%C steel (Barnett et al, 1995) suggests that
ferrite coarsening is a direct result of static recrystallization after deformation at low
to moderate strains. This is in disagreement with the observations by Vodopivec et al
(1988) who observed strain induced growth via the (DIGBM) mechanism as
previously described, and it also contrasts with much of the early literature on cold
rolled and annealed iron which attributes the occurrence of grain coarsening with
either strain annealing (similar to DIGBM) or secondary recrystallization phenomena.
It therefore seems that considerable confusion exists in the literature over the
mechanism which occurs during grain coarsening in warm rolled steels. An additional
problem is that much of the earlier literature concerning grain coarsening within ferrite
is based on cold rolled and annealed experimental work. Comparatively little work has
been carried out on steel which has been warm rolled and subsequently annealed. It is,
therefore, considered of prime importance to identify the possible mechanisms which
occur during warm rolling and if possible relate these to the reasonably well
understood processes which have been observed during cold rolling and annealing.

Work by other authors (Vodopivec et al, 1988; Kwon etal, 1988) suggests that it is
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difficult to achieve ferrite grain coarsening, and hence the softening necessary for
improved cold formability properties in steels with higher alloying contents.
Consequently the cost of production of suitable types of aluminium killed grades can
be quite high due to the exceedingly low carbon contents which are required. This is
especially true when the carbon levels are so small that expensive vacuum degassing is
required in the steels production. Nowadays, conventional BOS practice can be used
to produce carbon levels of 0.03-0.05%, while even lower carbon levels require
production by vacuum degassing. As a consequence there is a driving force to
increase carbon levels in steels without significant detriment to the formability
properties.

Limited work has been reported in the literature on the effect of processing
parameters such as finishing strain, coiling temperature and holding time on the
occurrence of grain coarsening in a range of low carbon steels (0.005-0.1%). In the
present work, an investigation was undertaken to examine the possibility of obtaining
coarse grain size in steels with slightly higher carbon contents. The effects of the
above variables on the occurrence of grain coarsening have also been investigated. It
is envisaged that an understanding of the effect of processing variables will lead to the
manufacture of a cheap, soft low carbon strip which is suitable for cold rolling
operations.

3 0009 03163229 7

CHAPTER TWO
2. Literature Review

2.1 Ferrite Restoration Mechanisms
During hot deformation of strip, a number of metallurgical processes can operate
depending on the conditions of deformation, and these processes have a significant
effect on the final microstructure and mechanical properties. A common feature
between these processes is the reduction of stored energy which occurs through the
annihilation of dislocations. In a broad sense these processes can be separated into
two important categories. These are:

1) Dynamic processes - where changes occur dynamically during deformation

2) Static processes - which occur following deformation either during cooling or
holding of the strip.

Dynamic processes are important because they control to a large degree the amount
of force required during rolling. However, static processes also become important,
particularly during multistage deformation where the time between deformation
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passes is often longer than the actual deformation cycle. Static processes also control
to a large degree the final structure since they operate during the cooling or holding
period at the completion of deformation.

A number of restoration processes have been observed in hot worked ferrite. In the
case of dynamic restoration processes deformation conditions such as temperature
and strain rate determine which mechanism occurs. In addition to this chemistry also
appears to have an effect.

2.1.1 Dynamic Restoration Processes
When deformation of steel is carried out at elevated temperatures either grain
boundary sliding or slip deformation can take place (McQueen et al, 1975). The
former is limited to extremely low strain rates and is not considered to be important
during the hot working process. At higher strain rate and elevated temperature the
predominant mechanism is one of slip whereby dislocation density is accumulated at a
rapid rate. At the same time one of two mechanisms can operate concurrently to
reduce the numbers of dislocations being created during working. Dynamic recovery
always operates to some degree and involves the annihilation of individual
dislocations through separate interactions. The ease of occurrence of this mechanism
affects the overall dislocation density and consequently work hardening rate. For a
high rate of dynamic recovery a steady state can be reached where rate of dislocation
annihilation is equal to the rate of dislocation generation. If on the other hand it is not
possible for this steady state to be reached through dynamic recovery then dislocation
accumulation will continue until a critical level is reached whereupon the driving force
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will be sufficient to induce dynamic recrystallization. This process brings a more
dramatic softening than dynamic recovery due to the fact that it involves the creation
of new dislocation free material. Work in the past has shown that the tendency
towards dynamic recovery or recrystallization is controlled mainly by the stacking
fault energy of a material. Observations have shown that for a given strain rate and
temperature metals with high stacking fault energy (eg ferrite, aluminium) experience
dynamic recovery whereas metals with low stacking fault energy (eg austenite,
copper) do not recover as quickly and consequently undergo dynamic recrystallization
(Jonas et at, 1969; McQueen et at, 1975; Sellars, 1978).

Other factors which determine whether or not dynamic recrystallization will occur are
the deformation parameters such as strain rate and deformation temperature. These
two factors can be combined to give a single parameter known as the Zener-Holloman
parameter (Zener et at, 1944) which has been shown to correlate well with the hot
working characteristics of a material .

Z = s exp (Q/RT)

where

(2.1)

S - strain rate (sec*1)
Q - activation energy for deformation (J mole'1)
R - the gas constant (J mole'1K"1)
T - deformation temperature (K)

In the case of high Z (ie high strain rate, low deformation temperature) dynamic
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Diagram showing flow curve for austenite under various hot working
conditions (Speich et al, 1984).
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recovery predominates whereas for low Z dynamic recrystallization can occur. The
Zener-Holloman parameter also gives a good indication of stored energy within a
material (for a given strain) under particular deformation conditions. For this reason it
is used in a large number of studies to correlate with various parameters such as
subgrain size or recrystallised grain size.

As a consequence of the differences between the two softening mechanisms described
previously the flow behaviour will also change depending on which mechanism
predominates. In the case of pure iron the flow behaviour is analogous to that which
occurs within austenite at high temperatures as can be seen in Figure 2.1.

During dynamic recovery (ie high Z) the curve initially rises sharply followed by a
gradual flattening at increasing strains. The shape of the curve is indicative of the
work hardening processes occurring within the material. During the initial stages of
deformation (ie before e /) the plastic strain rate within the sample increases from zero
to the approximate strain rate of the test. Dislocations are generated within this period
and continue to be generated after yielding (ie approx zT) whereby they begin to
become entangled and subsequently form a cellular structure. Even at these low
strains recovery is operating, however not at a rate fast enough to annihilate all the
dislocations being generated. This is due to the fact that the rate of recovery within a
given material depends on the dislocation density and consequently a given dislocation
density must be reached before the recovery rate is sufficient to annihilate all of the
dislocations being generated (ie steady state). This appears as a relatively flat region
on the stress strain curve due to the balance between work hardening rate
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(McQueen et al, 1975).

In terms of microstructure, dynamic recovery is characterised by well defined
subgrains within deformed elongated original grain boundaries. For a given material
the size and misorientation of the subgrains within the steady state region is dependent
on Z (Jonas et al, 1969). These subgrains result from the formation of the dislocations
into a cellular arrangement shortly after yielding. During steady state deformation
these subgrains remain equiaxed while the parent grains become elongated with
increasing strain. This can be explained by the repeated unravelling and subsequent
reformation of subgrains during steady state. The constant dislocation density during
the steady state regime ensures that subgrains reform with the same size and
misorientation. At high deformation levels the distortion of original grain boundaries
can be so large that it is sometimes difficult to distinguish them from boundaries
between the equiaxed subgrains (Jonas et al, 1969).

Studies have shown that the mechanisms of dynamic recovery may be attributed to
thermally activated processes of dislocation climb glide and cross-slip. The formation
of subgrains therefore depends on the capacity of dislocations to leave their slip planes
(McQueen, 1977; Thompson, 1977).

In the case of dynamic recrystallization (ie low Z) the flow behaviour is different as
shown in Figure 2.1. Initially similar behaviour occurs up to ecr , that is, increase of
plastic strain within the sample from zero to the actual strain rate which is
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accompanied by the generation of dislocations. However once the critical dislocation
density is reached, associated with a strain higher than e / but less than ecR, the
structure becomes unstable and rearrangement of defects takes place. Once the strain
has reached ecR the initiation of dynamic recrystallization occurs via the formation of
strain free grains. In the case of pure iron this takes place by strain induced migration
of prior grain boundaries (Glover et al, 1973). With continued deformation past ecR
the softening rate attains a maximum value and the stress decreases to a steady state
value where the work hardening rates and dynamic recrystallization are balanced. This
gives rise to the familiar peak stress (ie stress at %) which is characteristic of materials
undergoing dynamic recrystallization (McQueen et al, 1975). This is analogous to
what occurs during dynamic recovery, however instead of subgrains unravelling and
reforming the equilibrium is maintained by continuous waves of nucléation of
dislocation free grains (McQueen, 1991). As a consequence of this, considerably
larger numbers of dislocations are lost through dynamic recrystallization with the
resultant drop in flow stress which occurs.

In terms of metallography the occurrence of dynamic recrystallization is associated
with irregular grain boundaries and a mixed grain structure (Sellars, 1980; Ouchi et al,
1982b). Other observations have shown that a dislocation substructure is present
within the parent deformed grains of the metal concerned. This has also been
observed in pure iron undergoing dynamic recrystallization. It should be noted
however that the dislocation substructure is not as well defined and considerably more
heterogeneous than in the case of dynamic recovery (Glover et al, 1973). Figure 2.2
summarises the structural changes taking place during dynamic recrystallization and
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Schematic stress-strain curves and microstructural changes resulting
from (a) work hardening and dynamic recovery and (b) work
hardening, slow dynamic recovery and dynamic recrystallization
(Roberts, 1984).

Chapter Two

Literature Review

20

recovery.

In single phase ferrite for the range of temperatures and strain rates associated with
hot working (ie high Z) the predominant mode of restoration is dynamic recovery
(Gohda et at, 1981 ¡Reynolds et at, 1962; Karashima et at, 1966). This can also be
considered true for low carbon steel deformed below Ai where cementite is present
during deformation. For deformation temperatures above Aj the situation becomes
more complex due the increased presence of austenite. In general however (so long as
high austenite volume fraction is not present) dynamic recovery will still occur within
ferrite.

For materials which deform by dynamic recovery the relation below is usually found
to occur;

tys = K/d

where

(2 .2)

os - flow stress at steady state (N/pm2)
K - constant (N/pm)
d - subgrain diameter (pm)

This relation can he interpreted physically since the subgrain diameter is related
inversely to the dislocation density due to the fact that subgrain walls are composed
entirely of dislocations (Humphreys et al. 1995). For various irons deformed in
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torsion this equation has been found to be true using the steady state torque as os
(Redfem et al, 1968).

As has already been discussed it is possible to obtain dynamic recrystallization in high
purity iron provided that Z is less than ~5xl012 s'1 and the deformation temperature is
greater than approximately 700°C (strain rate lO^-lO'1 s'1) (Glover et al, 1973).
However, dynamic recrystallization has also been observed in zone refined iron at
temperatures near 600°C (Keane et al, 1968), at a relatively high strain rate of
4.5x1 O'1 s'1. In ferritic stainless steel a type of behaviour also occurs where dynamic
recrystallization is observed within two temperature regimes (Belyakov et al, 1995).
In this case dynamic recrystallization is predominant near 600°C and above 900°C for
a strain rate of 10'3 s*1. The required conditions for dynamic recrystallization within
ferrite are therefore not completely clear, however it is apparent that this phenomena
can only occur at moderate to low strain rates when deformation temperature is
sufficiently high. Figure 2.3 shows various flow curves in vacuum melted iron
obtained by Glover et al (1973). It can be seen that for a deformation temperature of
850°C sp occurs at between s=0.6-1.0.

Dynamic recrystallization has also been observed in steels deformed within the two
phase a+y region at temperatures close to Ars. Under these conditions significant
amounts of austenite are present during deformation with ferrite existing mainly at the
prior austenite grain boundaries. Wang et al (1994) found that dynamic
recrystallization can occur within ferrite (0.1 %C steel) under these conditions. This
phenomena has also been found to occur in steels which have been intercritically
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Typical flow curves in torsion for zone refined iron at various strain
rates and deformation temperatures (Glover et al, 1973).
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rolled (Ghoda et al, 1981),

2.1.2 Static Recovery
Static recovery occurs to a large degree within ferrite due to its BCC crystal structure
and high stacking fault energy. This process is analogous to dynamic recovery with
the exception that no new dislocations are being generated. As described earlier the
rate o f recovery is related to the overall dislocation density, hence it is not possible to
fully soften a material by static recovery alone (Djaic et al, 1973).

The process of static recovery involves the approach and annihilation of dislocations
of opposite sign, as well as the rearrangement of dislocations of like sign to lower the
overall energy. This process has been termed polygonisation (SmaUman, 1970). In the
case of bent aluminium single crystals it has been proposed that polygonisation is due
to the formation of walls o f dislocations perpendicular to glide planes which are active
during bending. Such walls are composed of edge dislocations of one sign arranged
above one another as shown in Figure 2.4. This arrangement has an overall lower
total strain energy than the random dislocation arrangement. Both short range glide
and climb of edge dislocations are required to form the walls.

Thè rate of static recovery is affected by temperature, strain and strain rate.
Temperature effects the ease o f dislocation motion, hence the rate of recovery
increases with temperature. The strain and strain rate affect the initial dislocation
density and consequently the recovery rate rises with increase in either. As is the
case in dynamic recovery the subgrain size and Disorientation is affected by all of
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Schematic of rearrangement of dislocations during the polygonisation
process (a) The excess dislocations that remain on active slip planes
after a crystal is bent, (b) The arrangement of dislocations to form
walls during polygonisation (Cahn, 1970).
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these variables (Sokolkov et al, 1963; 1965). In addition to these factors it has been
proposed (Kwon et al, 1990; 1988) that the rate of recovery can depend on individual
grain properties such as dislocation density and orientation. As will be discussed in a
subsequent section this can lead to a situation where differences in strain energy exist
from grain to grain.

Precipitation of fine particles also has an influence on static recovery because it
hinders the motion of dislocations. In aluminium killed low carbon steels two types of
precipitate are capable of pinning subgrains. Fine aluminium nitride can precipitate
within ferrite leading to the occurrence of a pancake structure (Dunne et al, 1978;
Hunt, 1981). Usually precipitation of aluminium nitride is observed along subgrain
boundaries (Wilson et al, 1988) which can lead to pinning. In addition to aluminium
nitride it has also been observed that manganese sulphide can precipitate along
subgrain boundaries in a fine manner. However this behaviour appears to be restricted
to steels with extremely low manganese content (Baird et al, 1966).

2.1.3 Static Recrystallization
In the past static recovery has been considered as the predominant mechanism
occurring in hot deformed ferrite due to reasons already mentioned. This is despite the
fact that static recrystallization has been observed in studies (English et al, 1964;
Glover et al, 1973; 1972) particularly when a large second phase is present to act as
an initiation site (Gohda et al, 1981; Feng 1991; Barnett etal, 1995).
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Static recrystallization is considered as one of the most important restoration
mechanisms due to the microstructural changes which occur. The grain size changes
brought about by static recrystallization as well as the change in dislocation density
within the structure have a large impact on final mechanical properties. Other
important properties such as texture are also effected by the significant structural
rearrangement which takes place.

As in the case of dynamic recrystallization static recrystallization also involves the
large scale elimination of defects through the generation of dislocation free material.
The difference is that static recrystallization occurs during the holding period after
deformation. As is the case in dynamic recrystallization the driving force is provided
by the stored strain energy within the material. Figure 2.5 shows there are generally
three stages associated with static recrystallization (not including deformation).
Initially an incubation period is observed where static recovery can occur. Static
recovery causes a reduction in stored energy due to the annihilation of some
dislocations. Studies within austenite have indicated that the softening due to static
recovery

before the start of recrystallization is not significant (approx 15-25%)

(Yamamoto et al, 1982; Andrade et al, 1983; DeArdo et al, 1991). Within ferrite it
appears that larger amounts of recovery (approx 25%) precede static recrystallization
(Leslie et al, 1961a).

After the initial incubation period, nucleation of dislocation free material commences
followed by growth of these nuclei! into the deformed matrix. Two possibilities can
occur here. In the first, termed site saturated nucleation, all of the nucleii are formed
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Fraction of
recrystallization

Figure 2.5

Schematic diagram showing the three stages associated with static
recrystallization.
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in the initial stages. In the second, nucleation can continue to occur throughout the
recrystallization process while previous nucleii grow into the deformed matrix
(Humphreys et al, 1995). In both cases growth of the recrystallised nucleii will
continue until impingement with other nucleii occurs. During this growth process
concurrent static recovery of the deformed matrix can occur leading to further
reduction in driving force particularly within high stacking fault structures such as
ferrite (English et al, 1964).

Once the growing nucleii impinge and all of the deformed material is consumed then
recrystallization is complete and the structure can be considered as strain free (due to
the reduction in stored energy). The grain size at this stage is determined primarily by
the density of nuclei formed during recrystallization (McQueen et al, 1975). As will
be discussed in section 2.2 either normal or abnormal grain growth can occur at the
completion of primary recrystallization.

For the nucleation of static recrystallization to occur within a material three basic
requirements must be met (Dunne, 1975) including:

1) the stored energy must be sufficient to provide the driving force,

2) a steep stored energy gradient should exist to allow a local instability to develop,

3) lattice curvature must be present to allow a growing nucleus to develop a high
angle boundary.
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Formation (or presence/existance) of a high angle boundary is necessary to satisfy
mobility requirements since low angle boundaries (<15°) have restricted mobility
(Cahn, 1956; Walter et al, 1960). It is obvious that the above requirements are more
easily satisfied in heavily deformed material where extensive recovery has not
occurred. Thus static recrystallization tends to occur more easily in alloys of low
stacking fault energy.

In addition, the previous criteria can be more easily met within certain regions of the
deformed structure. As a consequence nucleation in single phase iron occurs
predominantly at grain boundaries and at deformation bands within grains (Leslie et
al, 1961a). In ferrite which contains coarse and hard second phase particles nucleation
occurs predominantly near these particles (Gladman et al, 1971).

2.1.3.1 Effect of Processing Variables on Recrystallised Grain Size
In general a minimum critical deformation is needed to initiate static recrystallization
which is generally of the order of 10% (McQueen et al, 1975). This critical strain
must be sufficient to produce a nucleus for recrystallization as well as provide the
necessary driving force for its growth (Humphreys et al, 1995). At strains above this
critical level recrystallization can begin at an appropriate temperature.

In the case of cold rolled and annealed samples the temperature at which
recrystallization begins is chiefly dependent on strain and hence stored energy. The
greater the amount of deformation the lower the temperature required for the onset of
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recrystallization. In a similar way the incubation period at a given temperature is
decreased with increase in strain.

At low strain and temperature softening occurs by recovery rather than
recrystallization. Austin et al (1945) found that in pure iron for 5-20% reduction
followed by low annealing temperature (ie 480°C) recovery predominated, whereas at
70-90% complete recrystallization occurred. Therefore it appears two ingredients are
necessary for recrystallization. These are driving force or stored energy of
deformation and thermal activation or temperature (Langley, 1991). In general the
rate of recrystallization is more rapid with increase in either.

The stored energy due to deformation is also the chief factor in determining
recrystallised grain size. For increased strain the recrystallised grain size is smaller.
This is because nucleation rate is affected by strain more significantly than the growth
rate of nucleii. As already mentioned the final grain size is chiefly dependent on
nucleation rate. Increasing strain therefore causes a consequent increase in nucleation
rate, the larger number of nucleii means that a small grain size results (Humphreys et
al, 1995).

In addition to the effect of stored energy on final grain size, it is also observed in cold
rolled and annealed ferrite that initial grain size prior to deformation has a significant
effect. This is particularly important in hot deformed ferrite due to the fact that
nucleation is frequently observed at prior ferrite grain boundaries (English et al, 1964;
Glover et al, 1972). Consequently a decrease in initial grain size will lead to a smaller
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final grain size for a given strain and strain rate as a result of the geometric increase in
grain boundary area available for nucleation.

At extremely low cold deformation levels (0-10%) and high annealing temperature a
phenomena is observed in iron whereby exceptionally coarse grains develop upon
annealing (Sauveur, 1938; Chappel, 1914; Riontino et al, 1979; Antonione et al,
1977). This phenomena is entitled “strain annealing” and involves a slightly different
mechanism to recrystallization as will be discussed in section 2.2.3. Figure 2.6
summarises the effect of cold rolling strain and annealing temperature on final grain
size within iron. Most of the phenomena discussed previously can be seen in this
diagram.

In the case of recrystallization after hot deformation, the same characteristics are
thought to apply as for recrystallization after cold rolling. However the situation is
slightly more complicated especially when deformation temperature and annealing
temperature are not the same. This is because at higher temperatures of deformation
more rapid recovery occurs during the deformation (dynamic recovery) and the
stored energy is lower than for a similar strain at lower temperature. This has
been demonstrated by Leguet et al (1962) who showed that prior deformation at
temperatures higher or lower than some constant annealing temperature produces
respectively slower or faster recrystallization than that resulting from deformation at
the annealing temperature. In addition to this the dynamic recovery which occurs
during deformation of iron results in a steady state flow stress as discussed in section
2.1. In this range the stored energy remains independent of strain for constant strain
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rate deformation (Jonas et al, 1969). Consequently the recrystallised grain size and
rate of recrystallization have been found not to vary significantly within this range
(Glover et al, 1973).

Another consequence of dynamic recovery in iron and steel is that stored energy for a
given strain and strain rate is considerably lower than that for cold working. It is
possibly for this reason that grain coarsening has been observed in low carbon steel
(Barnett et al, 1995) and iron (Glover et al, 1972) immediately after static
recrystallization at relatively high deformation (>10%). This type of behaviour is not
only restricted to steels and has also been observed in nickel alloys (McQueen, 1991).

In the past various models have been used to predict statically recrystallised grain size
within the austenite phase. Often it has been found that an equation similar to the one
below is applicable (Sellars, 1980; 1990):

drEt = C.d0as-bZ-c

where

(2.3)

d0, drex - initial grain size, recrystallised grain size (pm)
a,b,c,C - constants
s

- strain

Z

- Zener Holloman Parameter (sec1)

The recrystallised grain size is therefore a function of a number of parameters. In
general grain size will be refined with increase in either strain or strain rate and
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decrease in either deformation temperature or initial grain size. In austenite it has been
found that the effect of deformation temperature is not significant (McQueen et al,
1975; Sekine et al, 1982). It has been shown by Sellars (1980) that an equation
similar to Equation 2.3 (neglecting the effect of Z) gives a good correlation with
experimental data in the literature. In the case of ferrite an equation similar to
Equation 2.3 has also been found to correlate with experimentally measured data in
0.05%C steel provided that significant volume fraction of austenite is not present
during deformation (Barnett et al, 1995).

2.1.3.2 Kinetics of Recrystallization
It is usual to interpret kinetics of recrystallization in terms of the Avrami equation
(Avrami, 1939) below:

X = 1 - exp(-Btk)

where

(2.4)

X - the volume fraction of recrystallised grains
B - the rate constant
t - the hold time for recrystallization
k - the Avrami exponent

The constants are determined not only by external factors which can effect the
recrystallization rate, but also by the reaction mode (ie the nature of the nucleation
process and the time dependence of nucleation and growth rates). The Avrami
exponent, k, can be obtained from plots of log (log (1/(1-X)) against log t for a
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particular set of conditions. It has been found that the k value may reflect the
characteristics of the recrystallization process as the value tends to increase with
decreasing temperature (Towle et al, 1979).

The behaviour of cold rolled and annealed iron is unusual in that the kinetics of static
recrystallization do not exactly follow a sigmoidal relation and thus the Avrami
equation is not completely obeyed (Leslie et al, 1961a). This is due to the fact that in
iron the growth of nucleii does not occur independent of time possibly as a result of
concurrent recovery within the deformed matrix. Similar observations have been made
on hot deformed iron (English et al, 1964; Glover et al, 1972). English et al (1964)
found that the time independent growth of nucleii could not be explained fully by
concurrent recovery of the matrix and thus attributed the resultant growth retardation
with segregation of solute atoms ahead of the interface.

One consequence of the time dependence of nucleii growth in cold rolled and
annealed iron is that stagnated recrystallization is observed at low annealing
temperatures. In this situation the recrystallization kinetics are retarded before
completion (typically 60-70% recrystallised) by some orders of magnitude
(Leslie et al, 1961a; Gawne et al, 1969). It should be noted that this is the typical
behaviour of single phase material and is not due to any form of precipitation
(Hutchinson et al, 1995). The effect in pure iron is now considered to be due to the
sluggish recrystallization of grains possessing low stored energies (Dillamore et al,
1967; Raabe, 1995). Similar kinetic behaviour has been observed in interstitial free
steel which has been hot rolled at low finish rolling temperature (Langley, 1991). In
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this case the stagnated recrystallization was attributed to lack of thermal activation
following deformation.

The temperature/time dependence of recrystallization in iron can be described
(Michalak et at, 1961) by the following relation:

l/t = Aexp(-QZRT)

where

(2.5)

t - time to 50% recrystallization
A - constant (sec'1)
Q - activation energy for recrystallization (J mole'1)

In the study by Michalak et al (1961) on high purity iron (Q) was found to be
approximately 75 Kcal/mole while (A) was approximately 1 x 1019 min'1. One
problem with this equation however is that the activation energy can not be related to
either nucleation or growth of recrystallised grains since it refers to the transformation
as a whole (Humphreys et al, 1995).

The presence of coarse second phase particles has been shown to accelerate kinetics
of recrystallization (English et al, 1964; Gawne et al, 1969; Gladman et al, 1971). In
addition Figure 2.7 shows that there is no stagnation of recrystallization as is the case
for pure iron.
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Acceleration of recrystallization due to coarse second phase particles has been
attributed to formation of deformation bands in the matrix material around the
particles (Gawne et al, 1969; Humphreys et at, 1995). Nucleation of recrystallised
grains can occur relatively easily near deformation bands due to the large lattice
rotation and stored energy gradients associated with them.

Static recrystallization in hot rolled iron has been observed to occur at temperatures
between 550-91 CPC by some workers (English et al, 1964; Glover et al, 1972).
Glover et al found that Avrami kinetics were obeyed, except at lower deformation
temperatures where recrystallization was stagnated (550°C). Typically k values of 2
were observed with this being independent of strain rate and temperature. In both
studies the time to complete recrystallization varied from approximately 10-105
seconds. In general an increase in strain or strain rate at a given temperature led to
more rapid kinetics, although within the steady state dynamic recovery region the
strain effect was minimal (Glover et al, 1972). Temperature also had an effect with
recrystallization occurring more rapidly at higher deformation temperatures. The
effect of strain on kinetics of recrystallization can be seen in Figure 2.8 for a
deformation temperature of 650°C.

In addition to the effect of processing conditions, recrystallization within ferrite can
also be affected by fine precipitation and elements in solution. For low carbon
aluminium killed steels and aluminium killed iron retardation of recrystallization has
been associated with a number of factors:
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Comparison between kinetics of recrystallization for pure iron and iron
containing coarse second phase particles (Gawne et al, 1969).
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Effect of strain on the isothermal recrystallization kinetics for vacuum
melted iron deformed at 650°C at a strain rate of 3.8x10"2 sec'1 (Glover
et at, 1972).
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1) Precipitation of fine aluminium nitride - it has been suggested that aluminium
nitride clusters inhibit recovery and hence recrystallization by exerting a drag effect
on grain boundaries (Gladman et al, 1971). Hutchinson et al (1984) concluded that
the dominant effect of clusters is to retard nucléation of recrystallization.

2) Excess aluminium - it has been shown that aluminium in solution can have a major
effect on recrystallization kinetics. The mechanism is thought to be one of solute drag
on subgrain boundaries (Gladman et al, 1971).

3) Manganese sulphide precipitation - when sulphur is in solid solution in amounts
which depend on the thermal treatment prior to cold rolling, it can precipitate on the
dislocation substructure as fine manganese sulphide (Baird et al, 1966). Work by
other authors has shown that for a given sulphur level the amount of manganese
determines the size of the resultant precipitates in the hot rolled band. Fine
precipitates occurred for extremely low manganese levels. Retardation of
recrystallization would therefore be expected in this case (Ushioda et al, 1992). This
however contrasts with observations by other authors who found that retardation of
recrystallization resulted from increased levels of manganese in solution (Leslie et al,
1961b). In these studies the rate of growth of recrystallised nucleii was retarded with
increase in manganese up to 0.3wt%. At higher levels than this the rate of
recrystallization was increased however the incubation period for recrystallization was
also increased significantly.
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In addition to this other elements such as titanium (through formation of titanium
carbide precipitates) (Langley, 1991) and nitrogen (Antonione et al, 1964) have been
shown to have a significant influence on recrystallization kinetics in iron.

2.1.4 Mechanisms of Recrystallization
Originally it was thought that nucleation during recrystallization was similar to
nucleation during phase transformations in that stable nucleii are produced by a series
of random atomic fluctuations leading to formation of a small crystallite with a high
angle boundary. This theory which has become known as the “classical nucleation
theory” was first proposed by Turnbull et al (1949). According to the theory growth
of an embryo can occur provided that there is sufficient volume driving force (due to
differences in dislocation density) to overcome the energy required to establish an
interface (boundary between embryo and deformed material). Analysis of the
energetics for spherical embryos indicates that this can only occur if the radius of the
embryo is greater than the critical radius below:

R = 2<y / AGv

where

R

- critical embryo radius (pm)

<y

- interfacial energy per unit area (J/pm2)

(2.6)

AGv - free energy per unit volume (J/p.m3)

As a consequence of this equation there are inherent problems with this model due to
two factors:
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1) The driving force is low - in comparison with phase transformations the volume
free

energy

which

drives

the

recrystallization

process

is

very

small

(Doherty et al, 1974).

2) The interfacial energy is large - The energy of a high angle grain boundary, which is
an essential factor in the recrystallization process is large (Humphreys et al, 1995).

These factors both lead to an extremely large critical size for growth according to
Equation 2.6. Calculations for cold rolled iron have indicated critical radius sizes of
greater than lpm (Hu et al, 1961) which is far to large for nucleii to form through
fluctuation theory. Consequently other models have been proposed to explain how
sufficiently large nucleii can form for growth to occur (Smith, 1948b; Li, 1962;
Cottrell, 1953).

As a result of the failure of fluctuation theory it has now been accepted beyond
reasonable doubt that nucleii emanate from pre-existing subgrains within the deformed
structure (Humphreys et al, 1995). In iron it has long been known that nucléation is
due to the gradual growth of these subgrains to the point at which high angle
boundaries are formed (Leslie et al, 1961a). However the question of how subgrains
grow to eventually become nucleii is still unsettled with two possibilities being clear.
These are:

1) Subboundary migration - which involves nucléation through the growth of
subgrains in a process analogous to that which occurs during grain growth after
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recrystallization (Cottrell, 1953)

2) Subgrain coalescence - which involves the rotation of one or even groups of
subgrains to form a much larger subgrain (Smith, 1948b; Li, 1962).

In order for one of these growth processes to produce a high angle boundary there
must be an orientation gradient present. Any region with a large orientation gradient
will always have a high stored energy due to the geometrically necessary dislocations.
Nueleation is therefore considered to be no more than discontinuous subgrain growth
at sites of high strain energy and orientation gradient (Humphreys et al, 1995).

2.1.4.1 Subgrain Coalescence
Subgrain coalescence has been observed using insitu annealing in the TEM
(Chan et al, 1984), however it is generally not considered that these observations are
representative of what occurs in the bulk material due to the influence of thin foils on
dislocation movement (Humphreys et al, 1995). The possibility of subgrain
coalescence was first reported by Smith (1948b) and Li (1962). However the
importance of subgrain coalescence during the nueleation of recrystallization was first
stated by Hu (1963), as a result of an extensive study on silicon-iron single crystals.

In subgrain coalescence a large subgrain is formed by the gradual disappearance of
boundaries between two or more neighbouring subgrains. This occurs by the gradual
rotation of an adjacent subgrain as shown in Figure 2.9. For simplicity the rotation of
only one subgrain is considered here. As Figure 2.9 shows, the gradual disappearance
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of boundary CH is obtained through the rotation of CDEPGH. This occurs by the
migration of dislocations from the boundary CH to the remaining surface of subgrain
CDEPGH. This process involves dislocation climb and therefore requires a
moderately high temperature for operation. In the final stage the straightening of
boundaries BCD and IHG occurs as a result of the rearrangement of affected
boundaries.

The coalescence process has been examined by Hu (1966) for larger numbers of
subgrains. It has been found that viable recrystallization nucleii can be produced
which are: 1) larger than critical size, 2) strain free & 3) surrounded on at least one
side by high angle boundary.

2.1.4.2 Sub boundary Migration
Sub boundary migration has been observed by various authors in insitu annealing
experiments (Ray et al, 1975; Bay et al, 1979; Ferry et al, 1995). This process is
analogous to the grain growth which occurs within fully recrystallised material,
however the situation is more complex due to the fact that boundary energy mobility’s
can vary significantly in subgrains. In the past subgrain growth was considered to be
controlled by Equation 2.6 (Bollman, 1959; Fujita, 1961), however now it is known
(especially in the early stages of growth) that subgrain growth is controlled by
considerably more localised forces (Humphreys et al, 1995).

Equation 2.6 is

therefore more likely to apply when a particular subgrain has attained a significant size
advantage over its neighbours and thus the difference in dislocation density is more
evenly distributed across the boundary.
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In the case of folly recrystallised grains with high angle boundaries the energies are
similar and consequently the forces at triple points are balanced to give an angle of
120° between boundaries (Cotterill, 1976). As will be discussed in a subsequent
section this can be used to explain why grains with a size advantage grow abnormally.
Subgrain migration can be thought of in a similar way, however boundary migration is
brought about through the movement of dislocations. As shown in Figure 2.10 a triple
point can consist of a Y junction which in a very simple case can be comprised of
edge dislocations.

The migration of the triple point can occur by the dissociation of dislocations in
boundary AB to form two separate boundaries (ie AC & AD). In real systems it is
probable that the mechanisms involved are much more complicated than that shown in
Figure 2.10. There is also the possibility that these mechanisms are rate controlling
(Humphreys et at, 1995).

Equations have been derived to predict the variation of subgrain size during
coarsening of a network. In the first case no orientation gradient is assumed to be
present therefore the boundary energy and mobility are considered to be constant.

Assuming that the growth rate of a boundary is given by the product of mobility and
driving force:

dR/dt = aMys / R

( 2 .7 )
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Movement of dislocations at a Y junction during subgrain coarsening
(Humphreys et at, 1995).
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c - 2aMys
R - subgrain radius (fim)
M - boundary mobility
ys - grain boundary energy (I/pm2)
a - constant

which on integration gives

R2 - R„2 = ct

(2.8)

Observations on an aluminium alloy have confirmed that this relation does occur
(Sandstrom et al, 1978). In the case of subgrain growth in the presence of an
orientation gradient a somewhat complicated relationship applies. As already
discussed this type of relation is more likely to relevant during nucleation of
recrystallization. However, understanding of this phenomena is currently hampered by
a lack of knowledge concerning the effect of misorientation on mobility (Humphreys
e ta l 1995).

2.1.4.3 Strain Induced Grain Boundary Migration
An alternative mechanism o f nucleation can occur at grain boundaries. Strain induced
boundary migration (SIBM) involves the bulging of an already existent high angle
boundary between two grains of differing strain energy. This model was originally
discussed by Beck et al (1949d; 1950) due to observations on aluminium, and later by
Bailey and Hirsh (1962) in silver nickel and copper.
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This mechanism generally occurs when strain is low because the high angle boundary
does not have to be created as in the case of other mechanisms. In iron it is likely that
SIBM does occur due to the fact that the amount of stored energy during deformation
is dependent on a grains initial orientation (Dillamore et al, 1967). Despite this the
observation of SIBM within iron has not been widespread (Inokuti et al, 1978).

The mechanism of SIBM is shown schematically in Figure 2.11. Initially the bulging
of part of an existing boundary occurs due to the difference in dislocation density on
opposite sides of the grain boundary. This bulged section then migrates leaving a
dislocation free segment behind.

The conditions required for the bulging of a grain boundary segment were first
specified by Bailey (1960). An equation was derived which uses the same analysis as
that for growth of a spherical embryo (Equation 2.6). In this case the nucleus is
hemispherical with the distance occupied by the nucleus across the boundary being
equal to 2L or twice the radius. For growth of the hemispherical nucleus to occur .

L > 2y / AE

where

(2.9)

y - interfacial energy per unit area (J/pm2)
E - stored energy difference per unit volume between grain A & B.

There are however several important unanswered questions regarding this mechanism.
The first of these is whether or not dislocations are dragged behind the moving
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B

Figure 2.11

Schematic representation showing model for recrystallization by
migration of a high angle boundary (Beck, 1954).
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boundary up until the point of nucleation. If this is so then the bulge is not completely
strain free and this will effect AE. At present it is not known exactly when the
migrating boundary separates from the dislocation structure of the parent grain.

The second question is in regard to how the required strain differential forms for this
mechanism to occur. As explained in iron this can originate from differences in stored
energy between grains of different orientation. There is also the possibility for the
formation of a strain differential through enhanced recovery on one side of the grain
boundary (Humphreys et al, 1995).

2.2 Grain Growth Phenomena in Steels
Grain growth phenomena are generally restricted to fully recrystallised structures
which are strain free, however in some circumstances it has been observed that
abnormal grain growth can occur in samples which are lightly deformed (ie strain
annealing phenomena described in next section).

In normal grain growth individual crystallites (grains) grow at a uniform rate leading
to a continuous gradual increase in grain size with holding time. In abnormal grain
growth, on the other hand, only a select number of pre existing grains are allowed to
grow at the expense of the remaining smaller ones. These abnormal grains grow at a
rapid rate until impingement. The resulting structure which forms is comparatively
coarse in regard to final grain size (Riontino et a/, 1979). For this reason coarse grain
size has in the past been frequently associated with abnormal grain growth phenomena
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in steel (Ochiai et al, 1986; Sakai et al, 1981; Yoshitomi et al, 1993; Harase et at,
1987; Sauveur, 1938; Chappel, 1914).

2.2.1 Mechanism of Abnormal Grain Growth
In general, abnormal grain growth is preceded by an incubation period in which there
is virtually no growth of grains followed by a short period of rapid grain growth
(Riontino et al, 1979; Antonione et al, 1980). During this short period, the structure
is characteristically mixed in nature with abnormally grown larger grains consuming
the smaller ones which are incapable of growing. The size of the completed
abnormally grown grains depends on the number of nucleii capable of growing in this
way. In general the lower the number of nucleii, the larger this final grain size will be
(Nakashima et al, 1991; Antonione et al, 1977).

The occurrence of abnormal grain growth is not restricted to a single set of
conditions. There exist two possible types which can occur. In the case of steels, these
include:

(1) Secondary Recrystallization - which is a selective grain growth process
controlled by grain boundary properties (Titorov, 1992).

(2) Strain Annealing - which is driven by differences in strain energy
(Kwon eta l, 1988),

There is a considerable amount of literature which describes the conditions leading up
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to either the strain annealing or secondary recrystallization phenomena within low
carbon steel (Vodopivec et at, 1988; Kwon et al, 1988; Antonione et al, 1973;
Nakashima et al, 1991; Harase et al, 1990a; 1990b; 1990c). In general there appears
to be a reasonable understanding on the important aspects of both of these types of
abnormal grain growth, which will now be discussed in detail.

2.2.2 Secondary Recrystallization
This type of abnoraial grain growth has been extensively observed in steels (Mizera et
al, 1988; Nakashima et al, 1991; Michal et al, 1992; Gladman et al, 1967; Ochiai et
al, 1986; Sakai et al, 1981; Yoshitomi et al, 1993; Harase et al, 1987; Guberatonov
et al, 1984). The term secondary recrystallization is broadly used to describe three
separate mechanisms leading to the formation of an abnormally large grain structure
after primary recrystallization has completed. These three mechanisms are given as
follows:

1)

Particle

induced

secondary

recrystallization

(Mizera

et

al,

1988;

Gladman et al, 1967),

2) Texture induced secondary recrystallization (Nakashima et al, 1991; Yoshitomi et
al, 1993; Gubernatorov et al, 1984a; 1984b),

3) Surface induced secondary recrystallization (Cotterill, 1976).

In the case of steels, there is considerable understanding of (1) and (2), with (3) not
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being so well documented. Due to the fact that (3) would only be expected to become
important in samples of low thickness (ie rolled sheet rather than hot compression
samples), it will not be discussed in detail here. In the sections which follow it will be
seen that a number of similarities exist between mechanisms (1), (2) and (3) which has
led to them being classified as one group. These similarities are mainly concerned with
the kinetics and driving force of either process (Cotterill, 1976).

All secondary recrystallization phenomena are similar to normal grain growth in that
they are driven solely by grain boundary properties such as interfacial energy
(Antonione et al, 1973; Cotterill, 1976; Byrne, c l965; Anderson et at, 1985). The
important difference between the two processes being that in the case of secondary
recrystallization only a small number of grains are capable of growing while the rest of
the matrix grains are not able to grow (Antonione et al, 1973; Anderson et at, 1985;
Riontino et al, 1979; Titorov, 1992; Cotterill, 1976). As a consequence of this, these
growing grains are capable of attaining large sizes.

Secondary recrystallization generally occurs after primary recrystallization followed
by an initial period of normal grain growth. In this case, a common observation is the
blocking or retardation of normal grain growth so that virtually all grains are
incapable of growing prior to secondary recrystallization (Byrne, c l965; Cotterill,
1976). This inhibition can result from a number of factors including:

1) Preferred orientation - due to lower mobility between grains of similar orientation
(Cotterill, 1976; Novikov et al, 1990; Beck et al, 1949b),
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1992;

Ochiai et ah 1986),

3) Surface inhibition - due to grooves formed when grain boundaries intersect the
surface (similar to particle inhibition) (Cotterill, 1976).

Following the inhibition of normal grain growth, certain grains which are not blocked
as efficiently as others are allowed to grow in an abnormal manner (Hillert, 1965;
Cotterill. 1976, Novikov et al, 1990; Gladman, 1966). The reason for this unblocking
will depend on the particular mechanism concerned. In the case of panicle inhibition,
this has been attributed to either dissolution or coarsening of particles in certain
regions (Gladman, 1966). or is the result of larger grains becoming unpinned (Hillert,
1965). In contrast the secondary reciystallization resulting from preferred orientation
inhibition is due to mobility advantages in grains of a specific orientation (Cotterill.
1976; Novikov et ciL 1990). In certain cases this can result in the appearance of a final
texture as in the case of Si-iron (Novikov el a!. 1990; Pease et al, 1981).

Some of the commonly observed features of secondary recrystallization processes
have been examined by Cahn (1970). The important ones are summarised below:

(1) The large grains are not freshly nucleated they are merely particular grains of the
primary structure grown large.
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(2) The initial stages of growth of these grains are sluggish, and as a result there is an
incubation period before secondary recrystallization gets under way.

(3) The factors governing the selection of grains which are to grow in an abnormal
manner and the mechanism of the early stages are the least understood in the process.
It is generally agreed that secondary grains are appreciably larger than the mean
primary grain size, and they must have orientations which diverge from the main
primary texture.

(4) Something must inhibit normal grain growth, since it is only when grain growth is
very slow that large secondary grains can effectively grow. Inhibition by a dispersed
phase, by primary texture or by sheet thickness may all play a part.

(5) The secondary structure, when complete, sometimes has a pronounced texture.
This type of texture always differs from the primary recrystallised texture.

(6) A well defined minimum temperature must be exceeded for secondary
recrystallization. The largest grains are produced just above this temperature, whereas
at higher annealing temperatures smaller grains result.

(7) The driving force of secondary recrystallization, once the large grains are well
launched, normally arises from grain boundary energy (just as does normal grain
growth). Under special circumstances, the surface energy of the grains can contribute
(Cotterill, 1976; Cahn, 1970).
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In general the problem of understanding the initial stages of secondary
recrystallization still exists today. It is still not completely clear as to what factors
govern the selection of viable secondary recrystallization nucleii, especially in the case
where texture inhibition is responsible for the abnormal growth observed (Novikov et
al, 1990; Gubernatorov et al, 1984a; 1984b). In the case of precipitate induced
growth the initial theories ofHillert and Gladman (Hillert, 1965; Gladman et al, 1966)
are still met with reasonable acceptance.

Once initiation of the nucleii has occurred, it is reasonably well understood how
growth of these nucleii continues. This can be explained in terms of the surface energy
(or surface tension) present at the boundaries of grains (Cotterill, 1976). In the case
of single phase materials (so long as no preferred orientation is present) these are
approximately equal for all grains in the structure. The result in two dimensions is that
at triple points each of the three grains present provide equal pulling forces giving
120° angles between each of the boundaries comprising the triple point (Byrne,
cl965; Cotterill, 1976; Smith, 1948a). If a large grain is present with more than six
neighbour grains (as would be the case after secondary recrystallization has initiated)
then its boundaries must be curved concave inwards for the triple point junctions to be
in equilibrium. This is obviously an unstable situation since the curved boundaries will
seek to straighten to reduce their energy thus upsetting the equilibrium at the triple
points, which will then migrate outwards (Cotterill, 1976; Cahn, 1970). As this
continues, the grain will become larger with more sides, thus the curvature and hence
the driving force will increase. As a result it is apparent that once abnormal growth
has been initiated and allowed to continue, it then becomes a self sustaining process
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(Cotterill, 1976; Cahn, 1970). This is so long as obstacles which are capable of
blocking growth such as precipitate particles are not present within the structure.

2.2.2.1 Kinetics of Secondary Recrystallization
It is reasonably well known that the kinetics of secondary recrystallization are similar
to that of a conventional nucleation and growth process (Anderson et at, 1985;
Cotterill, 1976). This was initially one of the reasons for the widespread introduction
of the term “secondary recrystallization”, which has been used to describe an
otherwise different process to that of primary recrystallization (Anderson et at, 1985).

Burke et al (1952) have also emphasised the analogy between these two processes. As
a result there are certain aspects of the kinetics of secondary recrystallization which
require special mention. These have been summarised by Cotterill (1976) as given
below:

(1) The volume fraction of the specimen which is consumed by abnormal grain growth
increases sigmoidally as the isothermal annealing time is increased (after an initial
incubation period) according to the same relationship as found for primary
recrystallization.

(2) Once the incubation period, t0A, has been exceeded the diameter of grains which
are growing abnormally, DA, increases at a constant rate, GA, as the isothermal
annealing time, t, increases; Thus,
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(2.10)

TMs is the same form o f nuclei! size-time relationship as is found for isothermal
primary recrystallization provided that factors such as matrix recovery do not interfere
with growth.

(3) The Abnormal grain-growth rate increases with temperature, T, according to the
usual exponential relationship; thus,

GA= GoAe^A/RT

(2.11)

where Gga is a growth constant and Qa is the activation energy for abnormal growth.
This follows the same pattern as the growth rates during primary recrystallization and
normal grain growth.

(4) There is an exponential temperature dependence for the reciprocal of the
incubation period which is similar to that for the rate of growth.

These similarities between primary and secondary recrystallization occur despite the
obvious difference in driving force between the two processes. Numerous
examinations of this phenomena have been made in copper, silver and iron-silicon
alloys by other researchers (Cotterill, 1976).
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2.2.2.2 Particle Induced Secondary Growth
TMs is probably the most common form of abnormal grain growth and has been
observed in a range o f steels (Mizera ei at, 1988; Michal, et al, 1992). It occurs as a
result of particle coarsening at elevated temperatures.

The main features of this type of secondary growth have been summarised by

Beck

et al (1949c) from their observations on an aluminium-manganese alloy. Initially when
specimens with dispersed particles are heated to temperatures below the solvus point
then normal growth will occur to give an ultimate grain size (ie the growth is halted).
This ultimate grain size is increased with a higher annealing temperature as well as a
lower volume fraction of precipitate particles, however, it is unaffected by prior
deformation levels. When the annealing is carried out at temperatures just below the
solvus point in specimens with a large amount of dispersed phase (such that
substantial dissolution and/or coarsening is allowed to occur) then abnormal growth is
allowed to occur. This abnormal growth gives a considerably larger grain size as
opposed to when annealing is carried out above the solvus temperature where
accelerated normal grain growth occurs with no precipitated particles being present.

The same features are observed in steels depending on what alloying elements are
present (Gladman, 1992). In Figure 2.12 grain growth in a plain carbon steel is
compared with that in a steel containing soluble precipitate particles within austenite.
It can be seen that in the particle containing steel fine grains persist at lower
temperatures, however once a certain temperature is exceeded (ie 1050°C) abnormal
grain growth occurs giving coarser grain size than that in plain carbon steel. This is
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Figure 2.12

Comparison between austenite grain growth in plain carbon steels and
those containing precipitate particles which are soluble in austenite
(Gladman, 1992).
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presumably because particle dissolution has begun at this temperature. At even higher
temperatures (ie 1200°C) where some substantial dissolution may have occurred,
normal grain growth again takes place giving similar grain size to that in plain carbon
steel.

The magnitude of this transition temperature depends on what alloying elements are
present in the steel. Titanium nitride is generally the most effective type of precipitate
(Feng, 1991) with grain coarsening temperatures of approximately 1300°C achievable
(Gladman, 1992). Aluminium nitride has also been used as a grain refiner in the past
with slightly lower coarsening temperatures of between 1000-1200°C being
achievable depending on the amounts of nitrogen and aluminium present (Wilson et
al, 1988; Junius, 1989; Bleck, 1993).

It has also been observed that ferrite grain growth can be influenced by precipitate
dispersions. For example, Ochiai et al (1986) observed abnormal grain growth within
the ferrite phase as a result of the coalescence of aluminium nitride particles shortly
after they precipitated during annealing. This was observed to occur at annealing
temperatures as low as 800°C. In the case of iron-3 % silicon alloy it has been
observed that the control of manganese sulphide is vitally important in giving the
desired ferrite grain growth (Cahn, 1970; Flowers, 1967) for the production of
transformer core material. However, more recent papers by Harase et al (1990b;
1990c; 1987) have shown that secondary recrystallization is more easily achieved in a
steel containing both aluminium nitride and manganese sulphide precipitates, rather
than just the latter, indicating the importance of aluminium nitride. Although the effect
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of inhibitors in this case is not completely understood, it is likely here that the particle
inhibition combines with preferred orientation drag to give this effect. For example, if
the precipitate drag is insufficient then too much normal growth occurs (thus
suppressing nucléation of secondary growth nucleii), whereas if it is too great then the
secondaries cannot grow at all (Cahn, 1970). In the work of Antonione et al (1973), it
is also probable that small amounts of precipitates have induced secondary growth in
ferrite after slight deformations. Thus in a number of cases particle inhibition can
combine with other mechanisms to give abnormal growth.

2.2.2.3 Texture Inhibition Secondary Growth
This is one of the earliest observed forms of abnormal grain growth (Cotterill, 1976),
and tends too occur in relatively fine grained, but stable, microstructures which
initially contain a single orientation texture. This single texture usually results after
primary recrystallization and is enhanced by a period of normal grain growth which
follows (Novikov et al, 1990). The initiation of secondary recrystallization generally
begins once normal growth can no longer occur, due to the textural drag which
results from the increasing intensity of this single dominant texture component. In
most cases this results in the selective growth of a number of nucleii (secondary
recrystallization) which generally are among the weakest initial primary texture
components in the structure (Novikov et al, 1990; Inokuti et al, 1981; Dunn, 1954).
After completion, the secondary recrystallization will usually result in a rapid change
of the preferred orientation and the formation of a many component texture with
considerable spread (Dunn, 1953; Novikov et al, 1990). However, it has also been
reported that the secondary recrystallization can result in considerable sharpening of
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selected texture components (under selected rolling and annealing conditions) as in
the case of 3%silicon-iron (Harase et at, 1990b; 1990c; Nakashima et al, 1991;
Guberatonov et al, 1984; Pease etal, 1981; Sakai etal, 1981; Inokuti, 1981).

The important overall features of the inhibition induced secondary recrystallization
process have been summarised by Cotterill (1976) and are given as follows:

1) The primary structure must have a single orientation texture. Primary textures with
more than one strong texture component do not usually give rise to texture-induced
abnormal growth,

2) The secondary grains have orientation which are similar to each other and therefore
give rise to a strong secondary texture,

3) In some cases the final (ie secondary) texture may be related to the pre
recrystallization (ie deformation) texture, but it usually differs from the post
recrystallization (ie primary) texture which was responsible for the preceding
inhibition of normal grain growth (Cotterill, 1976).

From these observations the importance of the primary structure and hence the post
recrystallization texture to the resulting secondary texture are implied. In the case of
silicon-iron this is shown experimentally by the fact that the texture distribution
following

primary

recrystallization

determines

whether

or

not

recrystallization will occur (Dunn, 1953; 1954; Nakashima et al, 1991).

secondary
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Secondary growth resulting from texture inhibition has also been observed in various
other materials apart from iron, including molybdenum (Tadayuki er al. 1984).
aluminium (Beck et at, 1952; Beck er al 1949a) and copper (Baldwin. 1946).
however on a commercial scale its occurrence in silicon-iron is most important. The
production of the Goss (110)<001> texture in silicon-iron through secondary
recrystallization can be used to give excellent magnetic properties and so save core
losses in transformer materials (Nakashima et at, 1991: Sakai et a!. 1981). This strong
(110) texture results despite the fact that in most cases very little of it is present
within the initial primary recrystallised structure (Nakashima et at. 1991; Harase et al.
1988). following cold rolling and recrystallization annealing. ‘

In the case o f iron-3%silicon two types of theory have been used to predict texture
formation during abnormal growth due to textural inhibition. This includes theories
based on the nucleation of Goss secondary grains (Novikov et al. 1990; Guberatonov
er al. 1984; Pease et al. 1981; Sakai et al. 1981). or those relying on the differences in
the mobility's between grains of varying orientations (Novikov et al. 1990;
Abbruzzese et al. 1986). More recently, coincidence theory has been fully examined
(Harase et a l 1990a; Yoshitomi et al 1993; Shimizu et al 1989a; 1989b; Harase et
a l 1987). which is essentially an extension of boundary mobility models where grains
with certain orientation relationships at their boundaries are considered to be more
mobile than others. This type of theory can be adequately used to explain texture
evolution during secondary growth (Yoshitomi et al 1993; Harase et al 1990a).
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2,2.3 Strain Annealing
Strain annealing is considered to occur after deformation which is not large enough to
initiate static recrystallization. This phenomena is generally observed in iron which has
been cold rolled to small deformations (approx 10%) and subsequently annealed at
relatively high temperature (Sauveur, 1938; Chappel, 1914; Antonione et al, 1977;
Riontino et al, 1979). In hot working of low carbon steels and interstitial free steel,
coarsening of ferrite grains has also been attributed by some authors (Kwon et al,
1990; 1988; Yodipivec et al, 1988) to a strain annealing mechanism (ie DIGBM
mechanism discussed in section 1). In these studies grain coarsening was observed to
occur after considerably higher strains (up to 60%) than in the case of cold rolling
followed by annealing.

During normal growth, the driving force for grain migration is provided by the surface
energy of large angle grain boundaries. This is because an increase in grain size will
result in a lowering o f the overall surface area of the grain boundaries per unit volume
therefore reducing the total boundary energy (Stiiwe, 1971). In comparison, the
energy stored during cold working is significantly greater by up to 2 orders of
magnitude depending (Titchener et al, 1958) on the size of the deformation. Even
relatively slight deformations will result in a stored energy which is more significant
than that due to grain boundary energy. As a result, grain boundary surface tension
tends to be more important for extremely low deformations, whereas for slightly
higher deformations the driving force due to cold working is predominant (Antonione
eta l, 1973).
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It is under the latter type of condition followed by subsequent annealing where strain
induced growth (strain annealing) is observed to occur. This process involves the
growth of pre-existing low strain grains into grains o f higher strain energy. The main
driving force of strain annealing therefore appears to be associated with a decrease of
internal strain energy as abnormally grown grains replace the original grains in the
structure* (Kwon et at, 1990; 1988; Antonione eta l, 1973; Nakae et ah 1973).

Unlike recrystallization however, this process appears to be limited to very small
strains following cold working (0-10% red), although some authors claim to have
observed strain annealing at much larger strains (Kwon et at, 1990; 1988;
Vodopivec, 1988) following hot working of low carbon steels. A mechanism which
has been used to describe the abnormal growth which occurs by strain annealing is
given in the section which follows.

During deformation, internal strain is introduced into each of the grains contained in
the material. Although there are differences in stored energy between grains of
different orientation (Dillamore et at, 1967), it is considered by Kwon et at (1988;
1990) that this would not be sufficient to cause abnormal growth by itself. As already
discussed ferrite has high stacking fault energy which results in rapid recovery after
deformation. As this recovery occurs, it is possible that each grain will rearrange its
dislocation configuration at a different rate since the recovery will depend on

* This process is distinct from recrystallization in that the nucleii originate from grains rather
th a n

subgrains within the deformed structure.
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(Kwon

et al, 1988; 1990). Once preferential recovery has occurred, the necessary condition
for strain annealing is supplied with local differences in dislocation density from grain
to grain producing a small number of grains capable of acting as nucleii**.

Once nucleation has occurred the combination of a reasonable holding time with a
sufficient activation temperature will allow these nucleii to rapidly dominate the
structure. The kinetics of the process are sigmoidal in nature and therefore similar to
those of static recrystallization (Riontino et al, 1979; Antonione et al, 1973). Due to
the small number of low strain nuclei initially present, the size of these abnormally
grown grains is generally quite large (Antonione et al, 1973).

2.2.3.1 Effect of Strain and Holding Temperature on Grain Size
Due to the lack o f available data for strain annealing following hot deformation of
iron, this section is concerned mainly with data for cold rolled and annealed iron. As
discussed previously the stored energy of deformation during hot working will be
lower compared to that during cold working (for a given strain and strain rate) due to
the increased rate of recovery. Apart from this difference the grain coarsening
behaviour should be similar in both cases.

** This is distinct from the SIBM mechanism of recrystallization since there is no nucleation
of new strain free grains at boundaries, instead the existing grains which have become strain
free (due to recovery) grow into neighbouring grains
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A number of studies in the past have shown the effect of strain and temperature to be
complex, especially in the case of small deformations followed by annealing. It is
possible that this results from a type of competition between dominant driving forces.
As already explained, these are due to: 1) internal strain & 2) grain boundary’ energy
(Antonione et at, 1973).

In the case of large strains, it is possible to obtain grain coarsening in hot worked
interstitial free (IF) iron through the mechanism of deformation induced grain
boundary migration (DIGBM) described by Kwon et al (1988). In their case, a strain
annealing type mechanism occurred in an IF steel which apparently didn't recrystallise
after 70% deformation due to titanium carbide pinning. A similar type of result has
also been previously obtained by the same authors (Kwon et at. 1990). In this case, a
deformation of approximately 15% in combination with a coiling temperature of
680°C was necessary to induce grain coarsening in a titanium-stabilised IF steel. For
lower coiling temperatures, the structure remained elongated after holding indicating
that even after large deformations, strain annealing is a thermally activated process.

Grain coarsening under these types of conditions has been observ ed on a widespread
basis in the laboratory (Sakai et al, 1988) and in industry (Honeyman et al. 195 /), As
far back as 1957. abnormally large grains were commonly observed in the centres of
coils in steel sheet which had been hot rolled below’ the Ar_; temperature

(Honeyman

et al. 1957). This occurred despite the fact that the edges ot the strip contained
heavily deformed grains. The reason for this mixed structure was most likely due to
the lower cooling rate towards the centre of the strip which effectively provides a
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greater time at the coiling temperature for grain coarsening to occur. Although little
mention is made to the mechanism o f this occurrence in the paper by Honeyman et al
(1957), it is possible that a strain annealing mechanism similar to that described by
Kwon et al (1988) has occurred.

From the previous discussion, it appears that the most important condition which
must be satisfied is the achievement of sufficient thermal activation during coiling
following a deformation level which is not quite sufficient to cause primary
recrystallization. In the work by Kwon et al (1988; 1990) it is apparent that strain
annealing after warm rolling at large deformations (ie 60%) can also only occur in
steels which have sufficient pinning due to precipitates to effectively inhibit
recrystallization at lower strains (ie titanium containing steels).

At lower deformation levels strain annealing is likely to occur in warm deformed plain
carbon steels of less than 0.04wt%C where precipitation pinning is not as effective.
Some authors have observed this phenomena (Vodopivec et al, 1988; Kwon et al,
1988) and attributed the coarsening to DIGBM. However, it seems that the evidence
for DIGBM under such conditions is limited and therefore primary recrystallization
can not be discounted. In addition the experimental data on the effect of factors such
as strain and coiling temperature on final grain size appear to be lacking for DIGBM
resulting from warm deformation.

In the case of cold rolled and annealed iron strain annealing phenomena have been
observed by a number of authors (Sauveur, 1938; Chappel, 1914; Antonione et al,
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1977). The interplay of variables in this case seems to be extremely complicated.
Figure 2.13 summarises the effect o f elongation and annealing temperature on the
grain size after small deformation followed by annealing (Antonione et al, 1973). It is
apparent from this that two types o f behaviour are displayed. At higher annealing
temperatures (850°C), a maximum in grain size is displayed at between 5-10%
elongation (type 1 growth) depending on composition, whereas for lower annealing
temperatures, the final grain size increases with the initial elongation (type 2 growth).

2.2.3.1.1 High Holding Temperature
At high annealing temperature it can be seen from Figure 2.13 that peaked behaviour
occurs. The reason for this is possibly due to a combination of two observed
mechanisms which were responsible for grain boundary blocking (Antonione et al,
1973). The first of these was extensive polygonisation which was thought to be the
cause of the blocking at extremely low strains «3%. It was also supposed that this
polygonisation was responsible for an observed incubation period prior to grain
coarsening which tended to increase with decreasing strain. During this incubation
period, the lattice o f polygonised sub-boundaries acts as a restraining factor against
the driving force for grain growth. In these conditions, the incubation period is
required for the development o f particularly favoured grains which later can behave as
nucleii for an abnormal growth process (Antonione et al, 1973). A secondary
mechanism due to precipitate pinning also appeared to be a contributing factor to the
onset of abnormal grain growth. It is possible that a network of precipitate particles
has inhibited grain-boundary motion up to reasonably high temperatures (Antonione
eta l, 1973). The temperature at which the onset of peaked behaviour begins therefore
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(a)

(b)

(c)

Figure 2.13

Effect of temperature and elongation on grain growth after annealing.
(a) grain growth dependence on temperature; isochronal anneals at
increasing temperatures; (b) grain growth dependence on the amount
of deformation ;relative growth at 700°C; (c) grain growth dependence
on the amount of deformation ;relative growth at 850°C. {Pure iron
(P), deoxidised Armco iron (AD), Armco iron (A)} (Antonione et at,
1973 ).
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appears to correspond to the region where precipitate pinning begins to lose its
effectiveness resulting in abnormal grain growth due to particle induced secondary
recrystallization. There tends to be considerable disagreement in regards to the
annealing temperature where this transition is observed to occur. As already
described, in the work o f Antonione et al (1973), an annealing temperature of 700°C
was not sufficient to induce this type of behaviour. However, in two later papers
(Antonione et al, 1977; Riontino et al, 1979), peaked behaviour was observed to
occur after an annealing temperature o f 690°C was utilised. This discrepancy can be
explained by the fact that larger annealing times were used in the latter two cases
allowing grain growth to be more complete.

It is also possible that another factor has come into play. For example, it has been
found (Indenbaum, 1964) in other metals that abnormal growth is more difficult to
achieve after small deformations in samples with a larger initial grain size. Thus the
critical deformation limit (for no incubation period) decreases with smaller initial grain
size (Antonione et al, 1973). A final contributing factor could have been due to
difference in composition of the iron samples used. The effects o f this factor will be
discussed in a later section.

2.2.3.1.2 Low Holding Temperature
In the case of lower annealing temperatures (700°C in Figure 2.13), it appears that an
increase in deformation leads to an increase in final grain size. This is possibly due to
the fact that precipitate pinning is more effective at these temperatures, and thus a
larger strain energy driving force is required to overcome this increased drag. This has
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already been mentioned as a possible reason for the occurrence o f strain annealing
observed in titanium stabilised IF steels after high levels o f deformation at elevated
temperatures (70%) (Kwon et al, 1990; 1988).

Another factor worth mentioning is the increased incubation time which is present
when lower annealing temperatures are utilised. This is shown in Figure 2.14 where
considerably larger incubation period is detected at lower annealing temperatures in
comparison with samples annealed at 755-805°C.

2.2.3.2 Effect of Composition on Grain Size
Composition is the final variable which affects the occurrence of strain annealing after
small deformations in cold rolled iron samples. As Figure 2.15 shows, the temperature
at which the transition from type 2 to 1 growth occurs is dependent to a reasonable
degree on the sample composition. In the case of deoxidised Armco iron (P), the
transition occurs at a temperature of approximately 800°C, whereas for Armco iron
(A) which contains a larger degree of intermetallic precipitates this transition is
suppressed to a slightly higher temperature of 850°C. This is probably due to the
aforementioned effect o f precipitates on the mobility of grain boundaries. Another
important factor which should be noted is that the deoxidised Armco iron samples
(AD) display an almost identical behaviour to the pure iron samples. These AD
samples have relatively high contents of substitutional impurities but no oxide
precipitates (since these were eliminated by high temperature treatment in dry
hydrogen) (Antonione et al, 1973). As a result, Antonione et al (1973) concluded
that the presence of substitutional impurities does not significantly modify the shape
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of grain-growth curves after slight deformations. Considerable doubt however has
been cast on this since it has been observed by Nakae et al (1973) that interstitial
impurities such as sulphur can have an effect on the growth of grains during strain
annealing.

Further evidence for a precipitate grain boundary inhibiting mechanism is provided by
the grain sizes which were observed after annealing of unstrained samples shown in
Figure 2.15 (Antonione et al, 1973). In all of the compositions apart from the pure
iron (P) samples, the grain growth was inhibited up to a certain temperature followed
by a rapid increase in grain size. The temperatures where this was observed to occur
corresponded reasonably with the transition temperatures from type 1 to type 2 grain
growth. In addition there is a considerable difference between the grain size achieved
in unstrained Armco iron (approximately 50|im) and unstrained pure iron
(approximately 200}im) after three hours at approximately 900°C. This indicates that
grain boundary movement in Armco iron has been restricted by the presence of
precipitates. This is reinforced by the fact that the (AD) sample which has similar
impurity levels to that of sample (A) but little or no precipitates is not significantly
different from the unstrained pure iron (P) specimen in terms of final grain size. Thus
it is the presence of precipitates, not substitutional impurities which affects the rate of
observed grain growth in unstrained iron (Antonione et al, 1973). It is also likely, due
to the observed effect of the precipitates on unstrained samples, that the presence of
these precipitates has an influence on grain coarsening after slight deformations.

Due to the well known effects of aluminium nitride precipitates on grain boundary
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Figure 2.15

Grain Growth for specimens strained in tension. Pure iron (P), Armco
iron (A), deoxidised Armco iron (AD). Isochronal anneals (3 h) at
increasing temperatures (Antonione et al, 1973).
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mobility in both the austenite and ferrite phases (Wilson et al, 1988; Gladman et al,
1971; Ochia et al, 1986; Ochia et al, 1984), it is highly likely that its presence in iron
will have a significant influence on grain growth after slight deformations followed by
annealing.

2.3 Alternative Grain Coarsening Mechanisms within Ferrite
The phenomena discussed in section 2.2 have been traditionally associated with the
observation of coarse grain structures within steels (Riontino et al, 1979; Antonione
et al, 1980; Sakai et al, 1981; Inukoti, 1981) and other alloy systems such as
aluminium alloys (Beck et al, 1949a; 1949c). More recently it has become apparent
that other mechanisms may be responsible for the coarsening observed after hot
deformation at various temperatures below Ar3 (Barnett et al, 1995; Vanderscheuren
et al, 1990, Vodopivec et al, 1988; Bleck et al, 1993), particularly at moderate to
high strains. This next section discusses two of the mechanisms which have been
proposed recently.

2.3.1 Ferrite Recrystallization
In the past coarsening within ferrite after cold rolling and annealing has been
attributed to grain growth phenomena such as strain annealing described in the
previous section (Riontino et al, 1979; Antonione et al, 1980; Antonione et al, 1979).
However, in earlier work there was considerable argument over the exact mechanisms
involved (Indenbaum, 1964). The critical strain (ie strain corresponding to peak grain
size in curves such as Figure 2.13c) has previously been associated with strain
annealing and its interaction with one or either of the blocking mechanisms discussed.
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One of the difficulties with this theory is the question of when and where
recrystallization begins in Figure 2.13c since the curve does not appear to show any
significant change in behaviour above the critical strain. Various theories have been
proposed to account for this in aluminium (Indenbaum, 1964) including the possibility
that the critical strain is associated with nucleation of new grains by SEBM rather than
the occurrence of strain annealing. In general it appears that there is considerable lack
of understanding in this area. This has possibly arisen due to the fact that on a
microscopic scale the differences between recrystallization and strain annealing are
subtle and difficult to observe.

In general recrystallization within hot rolled ferrite has not been discussed as a
possible mechanism for grain coarsening, despite the fact that it has been observed in
the past in high purity iron (Glover et at, 1972; English et al, 1964) This is perhaps
due to the widespread belief that recrystallization within ferrite is restricted to
considerably higher strains (ie above 60% reduction) as a result of inherent rapid
recovery within ferrite (Gohda et al, 1981). In addition the observation of a coarse
grain structure is not consistent with recrystallization since in almost all cases a finer
grain size is developed by this phenomena. Consequently recrystallization within
ferrite has generally only been considered to occur within heavily deformed material
with the resultant generation o f fine grain size (Hashimoto et al, 1990).

More recently, however, it has become apparent that grain coarsening can also be a
direct result of ferrite recrystallization within low carbon steel at moderate to high
finishing strains (Barnett et al, 1995; Bleck et al, 1993) below Ar3. This is in direct
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Effect of finishing strain on experimentally measured grain size in high
purity iron (Glover et al, 1972).
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contrast with other authors (Kwon et al, 1988; 1990; Vodopivec et al, 1988)
who attributed coarsening under similar conditions to strain annealing phenomena.

Observation of coarse grain size following static recrystallization has also been
observed in hot worked high purity iron by other authors (Glover et al, 1972; Senuma
et al, 1994). According to Senuma et al (1994) grain sizes of 30pm occurred in
0.01% C aluminium killed steel for large rolling strains. The effect of finish rolling
temperature within the single phase region on recrystallised grain size was found to be
minimal by these authors (Senuma et al, 1994) in agreement with observations by
others (Bleck et al, 1993). In addition, the effect of strain on ferrite grain size has
been studied in high purity iron (Glover et al, 1972) and ultra-low C steel (Senuma et
al, 1994). The studies show that in general there is a decrease in grain size with
increase in finish deformation level consistent with what occurs in cold rolled and
annealed samples (section 2.1.3.1) provided that the strain is above a critical level. In
hot rolled iron, however, as can be seen in Figure 2.16, the grain size is not observed
to change significantly once the steady state strain is exceeded (Glover et al, 1972).

Apart from the work by Glover et al (Figure 2.16), it is interesting to note that there
has not been any systematic study examining the effect of various rolling parameters
such as finish deformation temperature, finish deformation level and coiling
temperature on grain coarsening within the single phase ferrite region.

In addition the results of some of these previous studies should be treated with
caution due to the large holding times given after deformation (up to 1 hour). In
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some cases (Senuma et ah 1994) there is the definite possibility o f grain growth
following recrystallization during holding. Hence the experimentally measured grain
sizes would be expected to be different to those immediately after recrystallization.

In the case o f low carbon steel the behaviour is expected to be more complicated due
to the additional phases present (either cementite or austenite depending on
deformation temperature). In a recent quantitative study on low carbon steel Barnett
et a! (1995) found that Equation 2 3 (given in section 2.13.1) could be correlated
with experimentally measured ferrite grain size in a G.05%C steel within the two phase
(a+FesC) region. The equation obtained by these authors is given below:

dIt!x= 23.7 x d„0'55e 0'1 Z-006

(2.12)

where Q « was taken as 280 kJ/mol.

The above equation correlated well with experimentally measured data for a range of
strains, strain rates and initial grain size values provided that the deformation
temperature was below 700°C. As a result it was implied (although not stated) that
recrystallization was the controlling mechanism within this temperature range (Barnett
et ai, 1995). It is also possible that recrystallised nuclei emanate from near pearlite
particles within this region since coarse second phase particles have been shown to
enhance nucléation during cold rolling foiow ed by annealing due to reasons discussed
in section 2.13.2 (Gawne et al, 1969).
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For higher deformation temperatures (ie >700°C) the situation becomes more
complex due to the presence o f austenite rather than cementite. In this temperature
region Equation 2.12 was not capable o f predicting the grain size, and Barnett et al
(1995) attributed this to the occurrence of another mechanism within the two phase
(a+y) region. As discussed in the next section this mechanism is considered to occur
as a result o f transformation of austenite following deformation.

Metallographic observations on samples quenched after deformation within the two
phase (a+y) region indicate that coarse ferrite grains originate at or near the
austenite/ferrite interface (Simielli et al, 1992; Barnett et al, 1995). This can be
explained by the occurrence o f recrystallization within deformed ferrite near the
interface. According to Simielli et al (1992) this occurs as a result of the considerable
difference in strength between the austenite phase and ferrite phases at a given
temperature, (Reynolds et al, 1962) and is due to enhanced strain localisation in the
ferrite surrounding the harder austenite leading to nucleation within deformed ferrite
near the interface. This strain localisation possibly also leads to the formation of
deformation bands within ferrite which is in close proximity to the austenite, as is the
usual case when a hard coarse second phase is present (Humphreys et al, 1995). If
this is true then recrystallization would be expected to occur preferentially within
ferrite at the austenite/ferrite interface.

Alternatively the metallographic observations are

also consistent with the

transformation induced grain coarsening mechanism described in the next section.
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2.3.2 Transformation Induced Grain Coarsening
This mechanism only occurs when austenite is present during deformation. This is
indeed a more likely situation with increasing carbon contents due to the larger
temperature range occupied by the two phase (a+y) zone in this case (Ashby et al,
1986). When deformation in this region is carried out, straining of the ferrite present
in the structure occurs resulting in the formation of polygonised ferrite due to rapid
recovery. Although this recovery removes a large proportion of the strain, these
grains still contain a relatively high concentration of dislocations. The austenite in the
structure during deformation is also strained, however it transforms to completely
strain free ferrite during subsequent cooling (Vodopivec et al, 1988). If nucleation of
the transformed strain free ferrite (within austenite) occurs near the interface between
deformed ferrite and austenite then growth of the nucleii can occur into the deformed
ferrite as well as the deformed austenite. In this situation the growth of strain free
ferrite into deformed ferrite appears to be considerably more rapid than growth into
deformed austenite. Once rapid growth is established this process is analogous to the
growth stage during primary recrystallization within ferrite (near the austenite/ferrite
interface) although the nucleation stage is different as already described.
Transformation induced grain coarsening is the name which has been used by several
authors to describe this mechanism in steel (Kwon et al,

1988;

1990;

Vanderschueren, 1990).

Similar behaviour has been observed in alpha/beta brass which has been annealed
following deformation at a different temperature. In this situation the alpha brass
phase is analogous to austenite since it is FCC, whereas beta is analogous to ferrite
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since it is BCC, and recovers relatively easily. As Figure 2.17 shows alpha nucleates
at the phase boundary and initially grows into the deformed beta phase. Once contact
is established with the deformed alpha phase then these transformed grains
subsequently act as recrystallization nuclei and rapidly consume the deformed alpha
grains. Transformation induced coarsening in brass appears to be slightly different to
that which occurs in steels since rapid growth of transformed nuclei occurs
(Figure 2.17b) into the FCC phase (alpha) rather than the BCC phase (ferrite) as in
the case of steels (Mader et al, 1974).

In steel the growth of transformed nucleii appears similar under the microscope to
recrystallization within deformed ferrite since in both cases growth of nucleii occurs
into the deformed ferrite near the interface. The only difference is that in
transformation induced coarsening nucleation occurs within austenite rather than
deformed ferrite but this appears to be difficult to detect using optical microscopy.
Since it is difficult to distinguish between these two mechanisms solely by
metallographic techniques, it is therefore necessary to use alternatives such as texture
analysis.

The use of texture analysis is based on the fact that recrystallization within cold rolled
and annealed ferrite almost inevitably produces sharp texture components. As a
result reasonably sharp texture is expected for recrystallised ferrite grains
formed after hot working in the single phase ferrite region (Senuma et al, 1994), and
after working within the two phase (y+a) region, although the presence of a harder
second phase such as austenite would be expected to weaken the subsequent
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Transformation induced growth of alpha/beta brass which has been
deformed at a different temperature to the annealing temperature, (a)
initial nucleation and growth of alpha phase within beta,

(b)

subsequent growth of freshly nucleated alpha phase into deformed
alpha (Mader et at, 1974).
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recrystallization texture (Humphreys etal, 1995).

In the case of ferrite transformed directly from austenite the texture should be
essentially random with weak components which depend on whether or not
deformation is above or below TOT(lonas et at, 1996). Thus it should be possible to
distinguish between the recrystallization and transformation mechanisms on the basis
of texture measurements on coarse ferrite grains after deformation.

Vanderschueren et al (1990) carried this out on a low C steel finish rolled above and
below Ar3 respectively. This work confirmed that when deformation was carried out
above Ar3, the texture contained weak {100}<110>, {110}<110> and {332}<113>
components. When finish deformation temperature was below Ar3, a relatively strong
{100}<110> texture was developed.

Vanderschueren et al claimed that this

originated from the (100}<110> transformed ferrite component and this was
therefore evidence of transformation induced grain coarsening. It is difficult, however,
to

explain

why such strengthening of one component was observed with a

corresponding weakening of others. In addition the observation of strong
{100}<110> component is possibly a result of recrystallization in hot worked ferrite
rather than transformation induced coarsening since a reasonably strong {100}<110>
texture has been observed by Senuma et al (1994) on low C steel recrystallised after
deformation within the ferrite region.

From the previous discussion it seems that more work needs to be earned out to fully
elucidate the mechanisms involved. In particular the effect of finish deformation

Chapter Two

Literature Review

88

temperature on final texture within coarse ferrite needs to be investigated in more
detail.

2.4 Aluminium Nitride Precipitation in Steel
Aluminium nitride nucleates with difficulty in steel unless its precipitation is enhanced
by prior thermal or mechanical treatment. This can often be a controlling factor with
regard to precipitation rates especially in the austenite phase (Wilson et at, 1988).

As already discussed in a previous section, the presence of aluminium nitride
precipitates can have a marked effect on the occurrence of different types of grain
coarsening within the ferrite phase (Harase et al, 1990b; 1990c). In addition, these
precipitates have been observed to be responsible for the development of “pancake”
shaped grains in batch annealed aluminium killed deep drawing steels due to a strong
pinning effect (Dunne et al, 1978; Hunt, 1981; Leslie et al, 1954). As a consequence,
the adequate control of aluminium nitride during hot deformation is considered to be
vitally important towards the development of the desired large grain structures.

2.4.1 Solubility of Aluminium Nitride in Austenite
In conventional thermomechanical processing it is necessary for the precipitate
particles to be sufficiently soluble at the highest austenising (soaking) temperatures to
allow fine precipitation as soon as the temperature decreases. This ensures that
adequate grain refinement of the austenite phase is maintained during cooling. It is
also necessary that the precipitation product not be completely soluble during soaking
so that undue coarsening of the austenite phase does not occur. However in practice
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this is not of major concern since grain refinement occurs mainly during rolling as the
temperature progressively falls, and the solubility of the aluminium in austenite
decreases (Hunt, 1981).

Numerous studies have been made on the solubility of aluminium nitride in austenite.
Some of the findings of these studies are summarised by the relations given below as
well as in Figure 2.18 (Gladman et at, 1961; Darken et at, 1951; Erasmus, 1964):

where

ERASMUS

log Ks = -6015/T + 0.309

(2.13)

GLADMAN

log K, = - 7500/T + 1.48

(2.14)

DARKEN

log Ks = - 7400/T + 1.95

(2.15)

Ks

-

solubility product ( [Al] x [N] )

[Al], [N]

-

concentrations of dissolved Al Sc N

As Figure 2.18 shows there is a considerable spread in the experimentally measured
solubilities. Leslie et al (1954) concluded that these differences were due to the local
microsegregation of aluminium and nitrogen. As a consequence they recommended
that under practical conditions an extra 100°C should be added to their equilibrium
solution temperatures (Equation 2.15) to give complete dissolution of aluminium
nitride. The equation which follows was therefore proposed for the solubility of
aluminium nitride under practical conditions.
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(2.16)

It should be noted that the previous equations represent equilibrium solubility
conditions with no consideration of kinetics. This problem has been previously
considered by Mayrhofer (1975), who concluded that equilibrium is obtained after less
than 10 minutes at temperatures above 1000°C (even in the presence of coarse
aluminium nitride particles).

2.4.2 Precipitation; Morphology and Kinetics
A study by Sakai et al (1979) has shown that aluminium nitride precipitates in one of
three distinct types during hot rolling. These include:

A type : fine needle-like precipitates
B type : fine plate-like precipitates of irregular shape
C type : larger agglomerate plate-like precipitates

In the work carried out by Sakai et al, both the (A) and (C) type precipitates were
present to a large degree within the hot rolled austenite structure whereas the (B) type
precipitates occurred during a subsequent decarburising annealing stage at 840°C. It
should be noted here that a low soaking temperature and time combination were used
(1120°C, 4 minutes) resulting in the considerable precipitation of aluminium nitride
which was observed (Sakai et al, 1979).
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For the case of a higher soaking temperature (ie all of the aluminium nitride is taken
into solution before hot rolling) a significantly smaller amount of observable
precipitate would be expected to be present (especially before the onset of the y=>a
transformation). This is due in part to the previously mentioned fact that aluminium
nitride nucleates with difficulty in the austenite phase as a result of differences in
crystal structure between precipitate and matrix (Wilson et at, 1988). Two other
additional factors determine the precipitation kinetics of aluminium nitride within the
austenite phase (Wilson et at, 1988; Hunt, 1981) which are:

1) The diffusion rate of aluminium - which becomes the rate controlling factor as the
temperature decreases,

2) The increasing solubility of aluminium nitride with temperature - which results in a
corresponding decrease of the driving force available for precipitation at higher
temperatures.

The competition between the above two factors results in the characteristic C-curve
for precipitation within the austenite phase which is typical of aluminium nitride
(Wilson et at, 1988; Hunt, 1981; Leslie et at, 1954).

With the onset of the y=>a transition the precipitation rate of aluminium nitride is
markedly increased (Wilson et at, 1988) thus leading to the occurrence of a second Ccurve as Figure 2.19 shows. The significant increase in the aluminium nitride
precipitation rate following the y=>a transformation has been attributed to two main
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factors (Wilson et at, 1988) including:

1) The diffusion rate of aluminium - which is significantly higher in the ferrite phase
than the austenite phase at a given temperature.

2) Partitioning effects - since the solubility of nitrogen in the austenite phase is quite
extensive whereas in ferrite nitrogen shows limited solubility (Wilson et al, 1988).

As Figure 2.19 shows, the precipitation rate of aluminium nitride is highest at
approximately 800°C. This is one of the reasons why it has been necessary to utilise a
high FRT (above A^) in conventional processing of aluminium-killed deep drawing
quality sheets to avoid precipitation of aluminium nitride before the box annealing
stage (Satoh et al, 1985, Hutchinson, 1985). In addition to this, it is also necessary to
cool at a rapid rate between 900°C and 600°C to further keep all aluminium nitride in
solution. In practice this is achieved by water spray cooling after hot rolling, followed
by coiling at a temperature of less than 600°C (Hutchinson, 1984).

The precipitation of aluminium nitride in ferrite has been observed by Junius et al
(1989) after numerous holding times. In this work, the observed precipitates were
similar in shape to the type (C) precipitates described by Sakai et al (1979) after
24 hours of holding at 700°C. These precipitates were first visible after 60 seconds of
holding at the same temperature. The subsequent coarsening of aluminium nitride
observed

in

this

case

(Junius,

1989) was sufficient to cause secondary

recrystallization in a manner similar to that achieved by Ochiai et al (1986). In Junius’
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Figure 2.19

Time required for 50% precipitation of aluminium nitride showing
effect of the y=>a transformation (0.05C, 0.3Mn, 0.12A1, 0.007N)
(Wilson et al, 1988; Mayrhofer, 1975).
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work, the aluminium nitride particles were observed to be predominantly clustered
around ferrite grain boundaries, whereas Ochiai et al also found precipitates within the
grains depending to a degree on the sample Al/N ratio. In addition, Ochiai et al found
that the number of fine aluminium nitride precipitates also depended on the Al/N ratio
with values of 2-6 giving the highest density of fine particles.

The coarsening behaviour of aluminium nitride precipitates has been examined in both
the austenite and ferrite phases. Gladman et al (1967) found the following relationship
for coarsening of freshly precipitated aluminium nitride upon reaustenising.

log r = -5167/T + 2.593 + log t/3

(2.17)

A similar relationship has been found to occur within the ferrite phase by Mathiesen
(1985) when up-quenching into the ferrite region.

In (n - rc) = 12.3 + 0.851n t - 14433/T

(2.18)

It should be noted that both of these equations hold when no prior or
concurrent deformation has been carried out. In general it is well established that hot
or cold deformation will result in a marked increase in the kinetics of precipitation of
aluminium nitride (Wilson etal, 1988).

Michel et al (1981) found that the kinetics of precipitation were increased by more
than an order of magnitude when hot torsional deformation was carried out on a
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series of Fe-AI-N steels. In a similar maimer, prior cold work has been found to cause
an acceleration in the precipitation of aluminium nitride in ferrite during subsequent
annealing (Wilson et al, 1988). Mathiesen (1985) found that the growth of aluminium
nitride obeys the equation below in the 50% cold rolled state with subsequent
annealing.

In (n - To) = 16.4 + 0.85 In t - 14433/T

(2.19)

This is slightly higher than the observed growth rate of aluminium nitride in unstrained
ferrite (Equation 2.18). In both hot and cold working, the increase in aluminium
nitride precipitation rate is considered to be due to the higher density of dislocations
in the deformed structure which can serve as nucleation sites for precipitates. In
addition, the formation of point defects introduced during the straining can in
combination with the dislocations increase the rate of diffusion (Michel et al, 1981).

One final factor can become important to the processing of steels containing
aluminium nitride. During the annealing of deep drawing quality aluminium killed
steels, the importance of heating rate for the production of desired texture has been
emphasised by several authors (Wilson et al, 1988; Hutchinson, 1984). In general
slow heating rates are required to allow precipitation to occur before the onset of
recrystallization. Once this occurs, the aluminium nitride is thought to retard the
nucleation and growth of new grains, however due to an absence of competitive
nucleii eventually the more strongly driven (111) nucleii come to dominate the
structure giving an intense (111) texture. In the case where higher heating rates are
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utilised, recrystallization completes before the start of precipitation therefore giving a
weak texture, similar to that obtained in unkilled steels (Hutchinson, 1984).

A similar effect of heating rate on the occurrence of secondary recrystallization has
also been observed by Dasarathy et al (1967). These authors observed that slower
heating rates led to retarded secondary recrystallization in strip cold rolled 74%. This
was attributed to the fact that the precipitation in this case occurs at a slower rate
therefore allowing a larger amount of grain growth prior to locking. As a
consequence, the driving force for secondary recrystallization is decreased
accordingly leading to retarded abnormal grain growth (Dasarathy et al, 1967).

2.5 Measurement of Ar3 Temperature by Thermal Techniques
An initial component of this work involved the measurement of transformation
temperatures for the three steels examined using a technique based on thermal
analysis. A number of thermal analysis techniques can be utilised which rely upon the
detection of changes in the heat content (enthalpy) or the specific heat (Cp) of
samples with temperature (Blazek, 1975; Daniels, 1973; Mackenzie, 1970; Pope et al,
1977). These changes are predominant during phase transformations such as the Ar3
transformation and can be detected with equipment of sufficient sensitivity (Pallister,
1954; Stull et al, 1956; Hultgren, 1963; Jonas etal, 1991).

2.5.1 Detection of Phase Transformations by Thermal Analysis
As a sample of any composition is heated or cooled, a certain amount of heat energy
transfer is required to raise or lower the temperature by one degree. The amount of
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this required heat energy is related to the specific heat (Cp) of the sample as given by
the equation below:

Q = AH = Cp AT

where

Q

-

Heat entering or leaving the sample

Cp

-

Specific Heat

AH

-

Change in enthalpy of system

(2.20)

In Equation 2.20 the specific heat depends on temperature for the particular sample
composition concerned. In general a gradual increase in Cp with temperature is
observed, with discontinuities occurring during phase transformations. During the
heating/cooling of a sample these discontinuity’s will be detected as a change in the
heating/cooling rate for a given Q (according to Equation. 2.20). In the case of iron, a
sharp peak in Cp has been found to occur by some authors (Stull et at, 1956) at
approximately 760°C as shown in Figure 2.20, with the onset of this peak occurring at
the Ar3 temperature. This increase has been associated with the magnetic
transformation (ferromagnetic=>paramagnetic) which occurs in this temperature
range. The Ar3 transformation is also accompanied by a slight discontinuity in the
specific heat as Figure 2.20 shows.

Equation 2.20 also states that the change in enthalpy of a sample is equal to the heat
flow either in or out of that sample. The enthalpy thus represents the total heat
contained within a sample (Daniels, 1973) at a given temperature (measured in Joules
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or calories per mole). In addition to the previously mentioned specific heat change,
virtually all solid state phase transformations including the Ar3 are accompanied by a
discontinuous change in enthalpy due to the change in crystal structure which occurs
(Blazek, 1975; Hultgren, 1963), resulting in a change in heating/cooling rate (Blazek,
1975). For solid state phase transformations the magnitude of this change is usually
significantly smaller than for other reactions such as melting. For example in iron the
latent heat of fusion has been reported to be approximately 3630+600 J/mole as
opposed to 225±15 J/mol for the Ar3 transformation (Hultgren, 1963). As a result
solid state phase transformations are generally more difficult to detect than melting
type reactions when thermal analysis is utilised (Blazek, 1975).

2.5.2 Methods of Thermal Analysis
Numerous methods are available for the detection of phase transformations. These
range from qualitative to fully quantitative methods such as differential thermal
analysis. The most common of these techniques involves the direct measurement of
heating/cooling curves.

2.5.2.1 Heating and Cooling Curve Measurement
This is a classical method of studying phase transformations whereby the sample
temperature is monitored as a function of time. It can be considered as a thermal
analysis technique if the sample is heated at a constant rate and its temperature is
recorded automatically with a thermocouple placed in the sample (Daniels, 1973).
This leads to a temperature/time curve of constant gradient as shown in Figure 2.21
with the slope of the curve f '(t) = K representing the heating rate. When an
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exothermic or an endothermic phase transformation takes place there is a deviation in
the curve due to the heat which is liberated or absorbed. An exothermic reaction
causes an increase in the heating rate f'(t) >K whereas an endothermic reaction causes
a decrease in the heating rate f '(t) < K. The major problem with this method is its
relative lack of sensitivity meaning that only rapid phase changes at well defined
temperatures can be detected. In addition, the information gained from such tests is
only qualitative meaning that they have limited use (Blazek, 1975).

In an effort to improve the sensitivity of the above tests, some workers have used a
complimentary method which involves the electronic differentiation (via an RC
circuit) of the temperature signal with respect to time from a thermocouple inserted
within the sample during cooling or heating (Mackenzie, 1971; Ouchi et al, 1982a).
This allows the accurate detection of very small variations in cooling/heating rate
caused by changes within the sample during the transformation. These curves also
offer the potential for a semi-quantitative analysis of transformation characteristics
(Daniels, 1973). MacKenzie et al (1971) were the first to use this method to measure
the transformation temperature in hot rolled strip. Ouchi et al (1982a) also used
this method to measure the Ar3 temperatures of a number of C-Mn and

C-Nb steels

to an accuracy of ±5%. In both cases, the principle reasons for the application of
electronic differentiation were its ease of use and good accuracy. An almost identical
method involves the use of computer software to give dT/dt (numeric differentiation)
concurrently with sample temperature which is logged. This method has been utilised
by Kaspar et al (1986) to determine transformation start and finish for a Cr-Mo
bearing steel.
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25*c* kcal/mole
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Figure 2.20

Change in specific heat (Cp) with temperature for a pure iron sample
(Stull et al, 1956).
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Temperature (T)
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Figure 2.21

Heating curve showing effect of transformation on deviation from
constant rate.
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One final related method involves recording the inverse heating or cooling rate curve
(ie dt/dT). This is achieved by recording the time required for an increase or decrease
of sample temperature by a fixed small amount (eg 1°C). This time remains constant
when the sample is heated at a linear rate and no enthalpy changes are occurring.
However it is observed to increase when an endothermic effect occurs and decrease
with an exothermic effect. The method has been described by Cunningham et al
(1952),

2.6 Summary and Aim of the Present Work
In the past, finish rolling above the Ar3 temperature has been carried out extensively
despite the numerous disadvantages associated with this practice which have been
mentioned previously (Satoh et al, 1985; Bleck et al, 1993; Langley, 1991). In the
case of low carbon aluminium killed deep drawing grades this is mainly due to the fact
that a low finish rolling temperature can not ensure adequate deep drawing properties
(Satoh et al, 1985), since aluminium nitride precipitation will most likely result during
hot rolling at these temperatures (Wilson et al, 1988).

More recently, however, the possibility of ferrite phase rolling has been looked at with
the aim of improving properties and further lowering production costs. In the case of
interstitial free deep drawing steels, the utilisation of a low finish rolling temperature
in combination with a low reheat temperature has been shown in a number of studies
to give comparable properties to that of strip processed at higher deformation
temperatures (Satoh et al, 1985; Hashimoto et al, 1990; Kwon et al, 1990; Antonione
et al, 1973). In a similar manner, other work has examined the possibility of using
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decreased finish rolling temperatures in low carbon aluminium killed steels to produce
soft ferritic structures which are suitable for applications involving cold forming
where deep drawability is not so important (Bleck et at, 1993; Nakazato et al, 1983;
Cantinieaux etal, c l990; Messian etal, 1992).

Studies of this type have found that the observed softening which occurs is due to
ferritic grain coarsening (Cantinieaux et al, c l990) which is pronounced under the
appropriate rolling/coiling conditions (Vodopivec et al, 1988; Kwon et al, 1988;
Honeyman et al, 1957). This grain coarsening appears to be more difficult to achieve
when the total amount of carbon and other alloying additions are increased. For
example, Vodopivec et al (1988) were unable to obtain a coarse grain size in steels
with greater than 0.04% carbon content.

This fact necessitates the use of purer steels which increases the initial cost quite
considerably. In addition to this, it has also been found that in general reasonably high
coiling temperatures (approximately 700°C) are required to induce grain coarsening
(Kwon et al, 1990; 1988; Honeyman et al, 1957) in ferritic rolled strip. This is
detrimental to the pickling performance of the strip following hot rolling since a larger
amount of surface scale is formed (Satoh et al, 1985; Ushioda et al, 1992).

Numerous explanations have been given in the literature on grain coarsening
phenomena within ferrite. Traditionally the observation of coarse ferrite grains after
cold rolling and annealing has been associated with either secondary recrystallization
(G1adman et al, 1967; Ochiai et al, 1986; Sakai et al, 1981) or strain annealing
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(Antonione et al, 1973; Riontino et al, 1979; Antonione et al, 1977; Sauveur, 1938).
In the case of hot working (below Ar3) followed by annealing it has become apparent
more recently that other phenomena can occur. Some authors claim that a mechanism
similar to strain annealing operates (ie DIGBM) in low carbon steels and high purity
iron (Kwon et al, 1988; 1991; Vodopivec et al, 1988) whereas others claim that
coarsening of ferrite is a direct result of static recrystallization (Barnett et al, 1995;
Bleck et al, 1993; Glover et al, 1972). In addition for steels deformed in the two
phase (a+y) region an additional mechanism of transformation induced coarsening has
been theorised by some authors (Kwon et al, 1988; 1991; Vanderschueren et al,
1990), but this mechanism has not been observed when metallographic techniques are
employed due to reasons discussed in section 2.3.2.

Clearly there is a lack of understanding in this area and thus a considerable amount of
work has to be done if all phenomena leading to coarse grain size within hot worked
ferrite are to be understood. One of the aims of this work is, therefore, to further
clarify the mechanisms involved, and as a result understand the influence of processing
conditions on the mechanism of coarsening since it is apparent from the previous
discussion that processing has a significant effect.

In addition, limited study has been carried out with relation to the effect of chemistry
and processing on grain coarsening phenomena. The principle aim of the present study
is to examine the effects of various hot working parameters such as finish deformation
level and temperature on the occurrence of grain coarsening during ferritic phase
rolling. In particular, emphasis is also placed on the effect of steel composition (ie
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carbon level) on the degree of grain coarsening. A complete understanding of these
factors is considered necessary if grain coarsening behaviour is to be predicted
accurately.

CHAPTER THREE
3. Experimental Procedure

Grain coarsening in warm rolled ferrite is a process which has not yet been completely
understood. A number of mechanisms can lead to coarse ferrite grain size depending
on the exact processing conditions which are utilised. The major part of this work is
concerned with the effects of various processing conditions such as composition,
finish deformation magnitude, and temperature on the occurrence of ferrite grain
coarsening in a range of low carbon aluminium killed steels. The overall purpose of
this was to determine optimum conditions required for the occurrence of grain
coarsening as well as to gain an understanding of the mechanisms involved.

3.1 Material
Three different aluminium killed steels were used in this work ranging in carbon
content from 0.0039% - 0.1%. The steels were supplied in the form of continuously
cast slab by BHP Steel Port Kembla. The chemical compositions of these steels are
shown in Table 3.1. In this thesis these steels have been designated S004, S060 and
S100 based on their respective carbon levels.
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Table 3.1 Chemical Compositions of the steels used in this work (wt%).
Grade

c

Mn

At

Cr

S

N

P

Cu

Mo

S004

.0039

.19

.026

.01

.004

.003

.012

.008

<002

S060

.055

.25

.031

.012

.008

.0046

.01

.009

.002

S100

.1

.46

.031

.062

.014

.0036

.013

.008

.003
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3.2 Experimental Equipment
Testing of all samples was carried out using the hot compression facility at the
University of Wollongong. This equipment gave reasonably close simulation of
conditions which are present during warm rolling of strip. A major advantage in the
use of such equipment was that samples could be quenched when desired at various
stages within the processing cycle. This allowed the present steels to be examined
before, during and after finish deformation so that the microstructural development
could be fully understood.

3.2.1 Compression Testing
A schematic of the hot compression system used in the present investigation is shown
in Figure 3.1. The system consisted of four major components including the Instron
1343 straining frame, a Hylec controller, an IBM PC interfacing data acquisitions as
well as machine control, and an Ulvac radiation furnace. The compression machine
was capable of 50kN capacity, and a maximum ram displacement rate of 5cm/sec. The
Hylec controller was flexible allowing the testing machine to be controlled under
force, position or extensometer modes as well as allowing external command signals
to be fed in via function generator or computer. As a result the system was capable of
pre-programmable reduction levels with the ram displacement (measured by external
extensometer) as the direct control variable during deformation. The system was also
capable of performing interrupted test schedules with as many as five unloading
sequences being possible.

During testing a signal was fed into the Hylec controller by an IBM personal
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Schematic diagram showing the Hot Compression testing equipment
used in the present investigation.
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computer. Software was used to control this signal so that it was possible to keep the
strain rate constant during each pass. In addition the utilisation of PID closed loop
monitoring within the Hylec controller allowed control of single pass reductions to
within less than 5 percent.

3.2.1.1 Data Aquisition
The computer software contains a routine which calculates the true stress and true
strain values for each test based on the load data and ram distance travel. The
measured distance travelled by the ram consists of two components as given in the
equation below:

S = Ss +

where,

sm

(3.1)

S : measured ram travel
Ss : measured sample deformation
Sm: composite machine deflection

and

Sm == ~~

(3.2)

K

where P and K are load and machine stiffness, respectively. The machine stiffness was
calculated as 3 .2 x 10'5 based on the technique described by Holbrook et al (1 982). It
was assumed the machine stiffness is constant during a test. Substitution of Equation
3 .2

into the expression Ss = (ho - hf) yields the following equation.
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hf) +

P_
K

where

ho

: initial sample height

hf

: finish sample height

and

K =

P
S - (ho - k )
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(3.3)

(3.4)

The instantaneous sample height (hi) was calculated from the ram displacement and
instantaneous load (Pi) by the following equation.

hi = Si - —
K

(3.5)

Si

(3.6)

and instantaneous strain is:

The instantaneous cross sectional area was calculated by the constant volume
relationship. This assumes little or no barrelling during testing.

A =

Ao ho

hi

(3.7)
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Consequently the instantaneous true stress was obtained as:

CTi

=—
Ai

(3.8)

This was used to obtain true stress/true strain plots of samples during testing. A strain
rate of 1 sec'1 was utilised which was the largest available in the present system. This
aimed to try and simulate rolling conditions as best as possible although it is normal
for considerably higher strain rates to be utilised during rolling of strip.

3.2.2 Sample Heating and Cooling
The heating of test samples was carried out in a controlled argon atmosphere with the
test chamber being fully enclosed by a quartz glass tube. An Ulvac radiation furnace
which was capable of attaining temperatures up to 1200°C was used. In each case,
two R-type thermocouples were used to separately monitor furnace and sample
temperature during testing. The temperature of the specimen was monitored by
welding a thermocouple onto the bottom platen surface which was no more than lcm
away from the specimen during all tests.

Cooling rates were maintained by jetting argon gas onto the sample through four
nozzles inside the specimen heating chamber. The machine was also equipped with a
device whereby samples could be quenched with reasonable speed into flowing water.
This consisted of a swinging lever which could be used to knock the samples into a
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chute so that they would fall into flowing water below. The time taken to quench the
specimens using this system was no longer than two seconds.

3.2.3 Compression Samples
Initially large block shaped samples were taken from the 1/4 thickness region in the
steel slabs. These were then cut along the transverse direction of the slab, and
subsequently machined to give 8mm diameter x 16mm height as shown in Figure 3.2.
Finally grooves were cut into the end faces to facilitate the use of lubricant.

The use of a large sample height (ie Ho/D0=2) was necessary due to the high
cumulative strain values for some of the tests in this work (s >1). This Ho/D0 value of
2 is considered to be near the upper limit with regard to uniaxial compression samples
due to the observation by some workers of buckling (Alder et al, 1954) in aluminium
and copper samples as a result of localised shearing at low deformation temperatures.
It is most likely for this reason that a Ho/D0ratio of 1.5 (quite low) is considered to be
optimum for uniaxial compression testing. This is despite the fact that larger samples
(Ho/Do^) have been shown to more truly approach the theoretical stress/strain
distribution which neglects friction effects (Gupta et al, 1986). In addition, it has also
been shown by Gupta et al (1986) on aluminium and steel samples that a Ho/D0 ratio
of 2 will give similar results in regard to barrel radius, compressive face expansion due
to sliding and compressive face rollover as a sample with Ho/D0 equal to 1.5. As a
consequence a Ho/D0 ratio of 2 was considered adequate for the testing in this work
since no buckling of samples was observed at all temperatures tested.
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0 8mm compression
Circular Grooves on
Specimen Faces

16mm compression

Figure 3.2

Dimensions of compression samples used in this work.
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The type of lubricant used is another factor which can play an important role during
compression testing. In this work Corning 0010 glass was used as a high temperature
lubricant for all of the tests carried out. The application of this lubricant was aimed
at achieving a lower degree of specimen barrel, therefore maintaining a more uniform
deformation across the dimensions of each sample. Glass is generally considered as a
good high temperature lubricant for this purpose (Alder et al, 1954), despite the fact
that after using glass as a lubricant the compression platens need to be cleaned of the
solidified glass and generally repolished (Lovato et al, 1992). In the case of this work
the excess glass powder was removed with silicon carbide abrasive paper whenever
the buildup was considered to be too large.

3.3 Experimental Method
The work in this project consisted of two separate stages. The first stage involved the
accurate determination of Ar3 for all three steel grades using a thermal analysis
technique. The second stage involved hot compression testing to determine grain
coarsening characteristics in the present steels.

3.3.1 Determination of Ar3 Temperatures
The measurement of Ar3 during continuous cooling in the hot compression machine
was necessary for work in stage 2 and was carried out for all the sample compositions
given in Table 3.1. The accurate measurement of Ar3 was obtained from the analysis
of sample cooling rates by the use of a differentiator circuit similar to the one used by
Mackenzie et al (1971) and Ouchi et al (1982a) who also measured transformation
temperatures. Slight modifications had to be made to give the present circuit sufficient
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sensitivity to detect the Ar3 transformation (particularly in S100 samples where the
change in cooling rate with onset of Ar3 was very slight). The layout of the final
circuit used is given in Figure 3.3.

The circuit in Figure 3.3 gives an output which is proportional to the derivative of the
input signal (thermocouple) with respect to time. As a result the corresponding output
from the circuit can be considered to be proportional to dT/dt (ie cooling/heating
rate). The magnitude of this output depends on the overall amplifier gain as well as
the time constant of the circuit (Time constant = total resistance x total capacitive
reactance) (Mackenzie et at, 1971; Clowes, 1962). By increasing the amplifier gain
and lowering the time constant of the system it was possible to make the circuit
sufficiently sensitive to detect small scale changes in cooling/heating rate without
sacrificing response time.

The measurement of Ar3 was achieved by plotting the output of the circuit in
Figure 3.3 simultaneously with the direct output from the same thermocouple in a
manner similar to that utilised by Ouchi et al (1982a). As the schematic in Figure 3.4
shows the onset of the Ar3 temperature during cooling of steel S100 brings a slight
decrease in the cooling rate. This decrease in cooling rate can be difficult to detect
accurately from the sample temperature versus time curve. However when the
differential of temperature with respect to time is plotted (ie output from circuit in
Figure 3.3) the change in cooling rate is considerably easier to detect.

Initial work was carried out on compositions SI00 and S060 which were heated to
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Figure 3.3

Schematic Diagram of thermal analysis circuit used in this work.
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Millivolts

Chapter Three

Figure 3.4

Schematic diagram showing cooling curve plot in steel SI00 following
solution treatment and roughing. Both T and dT/dt are plotted directly
against time. T represents the direct output from the thermocouple
whereas dT/dt represents the output from the differentiator circuit.
Note that the vertical axis is in mV not degrees.
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1200°C inside a tube furnace and subsequently air cooled with the thermocouple
inserted inside the samples. Metallographic examination was made to determine
whether the observed transformation temperatures on the differentiator circuit
corresponded with the actual Ar3 temperatures. This was achieved by air cooling the
samples to the temperature of the observed onset of the Ar3, (differentiator circuit)
followed by an immediate agitated water quench. The resulting metallographic
structures were used to gain an understanding of the cooling rate curves which were
obtained for both compositions. From the results of these studies it was estimated that
the differentiator circuit could be used to measure the Ar3 temperature to an accuracy
of ±10°C.

Once the accuracy of the method had been established, the circuit in Figure 3.3 was
linked to the compression testing machine described in section 3.3.1. A type K
thermocouple was attached inside the specimen chamber and the bead was inserted
inside each of the samples to be tested. Any exposed regions of the thermocouple
wire were covered in alumina cement to minimise the effects of radiation from the
furnace. Samples from all of the compositions in Table 3.1 were tested during
continuous cooling following the solution treatment/roughing conditions described in
the next section.

3.3.2 Hot Compression Testing
Following the determination of Ar3 temperatures multipass testing was carried out
using the hot compression equipment and sample geometry described earlier. In all
tests the heating and cooling rates were maintained at 2°C/sec with the strain rate
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also being kept constant at Is . The testing temperatures, strains and strain rates were
all set up and maintained by computer. During each deformation pass the relevant
data was logged and stored on computer at a rate of 50 samples per second.

3.3.2.1 Solution Treatment
Equation 2.16 was used to estimate the temperature for complete dissolution of
aluminium nitride in the present three experimental steels as recommended by Wilson
et al (1988). This equation was used because it represents one of the highest estimates
of the temperature for aluminium nitride dissolution. Consequently the calculated
dissolution temperatures are likely to be greater than the actual temperatures.

The calculations indicate that S004 should have the lowest solution temperature
(1044°C) followed by S100 (1Q85°C) with S060 having the highest calculated
dissolution temperature (1115°C) due to its slightly larger nitrogen content. As a
result the solution temperature for testing was chosen to be 1150°C which was
approximately 50°C higher than the calculated solubility temperature of S060 and
ensured complete dissolution of aluminium nitride in all three steels. A solution time
of 15 minutes was also chosen to ensure the attainment of equilibrium. According to
Mayrhofer (1975) equilibrium should be attained after less than 10 minutes at 1000°C
or above.

3.3.2.2 Deformation during Cooling
In the present testing two roughing passes of strain 0.4 were conducted at 1110°C
and 950°C respectively during continuous cooling. This was necessary to ensure
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adequate refinement of structure prior to finish deformation. Examination of austenite
structures following roughing (immediately prior to transformation) revealed
complete static recrystallization in steels S100 and S060 with grain sizes of 45pm and
59pm respectively being exhibited. Measurement in S004 was impossible due to its
extremely low carbon content, however it can reasonably be assumed that full static
recrystallization also occurred in this steel prior to transformation.

Following roughing, the final deformation was carried out at selected temperatures
between 790oC~640°C (strain rate = Is'1) for finishing strains in the range of 0.1-0.5.
A three minute prehold was used prior to the final pass to ensure the attainment of
the correct sample temperature before finish deformation. A final hold of 15 minutes
at 700°C was used to simulate coiling in the hot rolling operation. Samples were
water quenched at the end of holding using the mechanism described earlier. Selected
samples were also quenched immediately after finish deformation to allow closer
examination of ferrite coarsening. Figure 3.5 is a schematic representation of the
testing procedure used in this work.

After the testing outlined in Figure 3.5, further tests were conducted on S100 and
S060 to more fully understand the effect of increasing finish deformation temperature
(ie within the two phase a+y region as well as above Ar3) on the ferrite grain
structure after holding at 700°C. The maximum testing temperature was therefore
slightly above Ar3 in the two steels concerned. For S100 a maximum testing
temperature of 850°C was utilised while for S060 testing continued up to 900°C. In
S060 the effect of finishing strain above Ar3 was also examined.
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Temperature
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Figure 3.5

Schematic diagram showing the testing conditions used for the present
hot compression work on steel samples S004, S060 and SI00.
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In addition to the austenite grain size after roughing, the initial ferrite grain size prior
to finish deformation was also measured. It was necessary to maintain this as close
and fine as possible for all three steel grades. In S060 and S100 ferrite grain sizes
were measured as 26pm and 21pm respectively for samples quenched after solution
and roughing treatment followed by 3 minutes at 640°C. In S004 on the other hand it
was difficult to achieve a comparatively fine grain size. Due to limitations in the
sample height it was not possible to increase the roughing strains higher than that used
in samples S100 and S060. Therefore an initial ferrite grain size of 40pm was
obtained in S004 at 640°C which was considerably higher than that in the other two
steels.

3.4 Analysis of Microstructure
Following hot compression testing the samples were examined using techniques such
as optical microscopy as well as scanning and transmission electron microscopy. In
addition to this hardness measurements were made so that the effect of ferrite grain
structure on mechanical properties could be understood.

3.4.1 Optical Microscopy
Hot compression samples were examined and photographed using a Nikkon Optiphot
metallurgical microscope under bright field imaging mode. All the specimens for
optical microscopy were prepared using standard mechanical polishing followed by
chemical etching.

Following hot

compression testing samples were

sectioned parallel to the
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compression axis using a Struers Accutom cutting machine. Samples were then
mounted in bakelite in preparation for grinding. Grinding was carried out manually on
silicon carbide abrasive paper followed by polishing using diamond paste to a finish of
0.1pm. For softer samples (ie S004) it was necessary to polish down one further step
by using colloidal silica powder as a polishing agent to give a finish of 0.06pm. This
was necessary to ensure a completely strain free surface prior to etching.

Two etchants were used to reveal the ferrite grain boundaries. For the majority of the
samples immersion in 2.5% nital for up to 30 seconds at room temperature was
sufficient to clearly delineate the grain boundaries. However for selected samples a
method whereby an etch in Marshalls reagent for 3 seconds immediately followed by
the above etch in 2.5% nital was found to more clearly reveal the grain boundaries as
well as substructure. Following etching the samples were washed in water then dried
using ethanol.

Grain size measurements were made using a linear intercept method. This method
involved measuring the distance travelled by the microscope stage (mm) when
traversing a known number of grain boundaries. Equal numbers of measurements
were made in directions parallel and perpendicular to the centreline of samples. This
was necessary since in a large number of samples the ferrite grains were not equiaxed.
For grain size measurements perpendicular to the centreline care was taken to ensure
that only the central region of maximum deformation was counted. For each sample a
minimum total of 600 counts was made. The grain size was subsequently calculated
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using the method described in ACEL Australian Standards (19.76) which is supplied in
appendix A1.

Optical microscopy was also used to carry out volume fraction measurements by the
point counting technique. Point counting was used to determine the volume fraction
of strain free grains within the ferrite structure following deformation as well as the
volume fraction of austenite in quenched samples (estimated from the proportion of
low temperature transformation products after quenching). This was carried out in
accordance with ASTM E562-89 using a 10 by 10 grid with a minimum of five fields
per sample. All these measurements were made near the central region of samples to
avoid complications arising from inhomogenous deformation.

3.4.2 Scanning Electron Microscopy
Scanning electron microscopy was utilised in the present work to make bulk texture
measurements as well as examine misorientations between certain pairs of grains. The
microscope used was a Leco Stereoscan SEM operating at 40kV in back scattered
diffraction mode.

Back scattered diffraction patterns are formed when the electron beam strikes on all
lattice planes at the Bragg angles. A method of obtaining diffraction patterns in the
SEM is to tilt the sample to make a small angle with the incident beam. The
diffraction effect obtained from the simple step of tilting the specimen towards the
incident beam is called electron back scatter diffraction (EBSD) or back scatter
Kikuchi diffraction (BKD). This method was developed as a practical technique by
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Diagram showing the components used for EBSD analysis of samples.
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Dingley in 1981 and can now be used to measure absolute orientations of subgrains to
an accuracy of 2°.

Specimens for EBSD work were polished and etched in the usual way. They were
then placed in the SEM (with the holder inclining the specimen to 70°) and observed
under normal secondary electron imaging mode. Once the desired area was found, the
image was frozen allowing the beam to behave as a stationary probe on the area of
interest. The EBSD patterns generated by the introduction of the primary beam with
the tilted specimen were captured via a phosphor screen interlaced to a low light TV
camera and control unit. The complete system for EBSD analysis consists of the
SEM, tilted specimen holder, low light television camera with phosphor screen,
camera control unit, image processing and computer processing as shown in
Figure 3.6. The obtained EBSD patterns were enhanced and then displayed in a video
window of a personal computer. The quality of the EBSD images is a function of
atomic number, strain level in the sample, and the quality of mechanical and
electropolishing procedures.

The diffraction patterns were analysed and indexed using the COS software from
TEXSEM laboratories. This software allowed relatively quick indexing of patterns to
give pole diagrams in absolute space. The software also enabled calculation of
individual grain misorientations as well as plotting of inverse pole figures from the
data obtained.

Chapter Three

Experimental Procedure

129

3.4.3 Transmission Electron Microscopy
TEM investigation of thin foils was carried out to examine the evolution of structure
on a fine scale in all three steels. In addition carbon replication was also carried out to
examine aluminium nitride precipitates. All of the work was carried out on a JOEL
transmission electron microscope operating at 200kV.

3.4.3.1 Carbon Replication Sample Preparation
The samples for carbon replication were first polished and etched as described in the
optical microscopy section. Particular care was taken, however, to ensure that no
water was used during the grinding and polishing stages. This is because in the past it
has been shown that aluminium nitride is susceptible to dissolution in water (Wilson
et al, 1988). Once prepared the samples were placed in a vacuum chamber and coated
with carbon via vapour deposition. Following this the carbon layers (replicas) were
then removed from the sample surface by placing the sample in 5% nital for up to 6
hours. Finally the replica samples were dried and placed on copper grids for
examination in the TEM.

Despite the large stripping time involved in the present method of extraction a
reasonably clean replica surface was obtained. There was, however, evidence of
precipitates not adhering properly to the replica, since in most cases the precipitates
were not evenly dispersed across the replica surface. This observation has been
reported in another study in which a similar method to the one in the present work
was used (Hunt, 1981).
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3.4.3.2 Thin Foil Sample Preparation
Specimens for thin foil TEM observation were prepared in the following way;

1) Specimens of approximately 1mm thickness were sliced along the centreline of
optical samples using a Struers Accutom cutting machine.

2) A spark erosion machine was used to cut disks from the centre of the sample
having a diameter of 2.5mm.

3) The disks were then ground down using 600# SiC paper to less than 0.1mm.

4) Thinning of the disks was carried out using a Struers double jet electropolishing
machine. The electrolyte consisted of 85% acetic acid-15%perchloric acid. The
conditions of polishing were 30V for approx 1 minute at room temperature.

5) The thin foils were washed twice in methanol then dried. Observation in the TEM
was carried out as quickly as possible after thinning.

CHAPTER FOUR
4. Experimental Results

This chapter presents results from the two stages of experimental work described
earlier. Initially the measured Ar3 temperatures are presented and discussed for S004,
S060 and S100 steels. The remainder of the chapter is concerned with ferrite grain
coarsening behaviour following deformation below Ar3. Optical microscopy results
are presented to show the effect of processing variables on ferrite grain size and
structure. The mechanisms of grain coarsening in the present steels are also
investigated using scanning electron microscopy.

4.1 Measurement of Transformation Temperatures
The experimentally measured onset temperature of the austenite to ferrite
transformation (Ar3) can be seen in Table 4.1 for all three steels. For comparison, the
Ar3 temperatures calculated using the following empirical equation are also displayed
in Table 4.1:

Ar3 (°C) = 910 - 310C - 80Mn - 20Cu - 15Cr - 55Ni - 80Mo

(4.1)

where chemical symbols represent weight percentages of the element concerned.
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Comparison between experimentally measured and calculated Ar3
temperature using Equation 4.1 for present three steels.

Steel

M easuredAr3 (°C)

Calculated Ar3 (°C)

S0O4

898

892

S060

865

871

S1O0

810

840

Equation 4.1 is based on measured Ar3 temperatures in a range o f steels using a
similar thermal analysis method to the one used in this work (Ouchi et a t 1982a).
From Table 4.1 it can be seen that the agreement between calculated Ar3
(using Equation 4.1) and measured Ar3 in the present steels is reasonable considering
that in this work ferrite was observed to transform from completely recrystallised
austenite, whereas in the case of the work by Ouchi et al (1982a), the austenite was
unrecrystallised which led to an acceleration of the subsequent austenite to ferrite
transformation. As a result Equation 4.1 predicts slightly higher Ar3 temperatures than
those measured in this work for S060 and S100 steels. Steel S004 is outside the range
of compositions investigated by Ouchi (0.03wt%C-0.16wt%C), but despite this the
measured Ar3 agrees quite well with that calculated from Equation 4.1.

It should be noted that in Table 4.1 the measured transformation temperature values
were obtained during continuous cooling after roughing, and thus the measured Ar3
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values are expected to be lower than the actual equilibrium Ae3 temperatures for the
present steels. In all of the subsequent experimental work continuous cooling was
utilised after roughing, followed by a three minute hold prior to finish deformation. It
will be seen in sections which follow that such conditions can cause the Ar3 to be
shifted to slightly higher temperatures than those indicated in Table 4.1 (ie shifted
closer to equilibrium Ae3 temperatures).

The thermal analysis method used to measure Ar3 transformations in S060 and S100
steels was not able to detect the Ai temperatures (ie y-Kx->a+Fe3C). Consequently
estimates of Ai were made using the following empirical equation obtained by
Andrews (1965):

A d = 723 - 10.7Mn - 16.9Ni + 29.1Si + 16.9Cr

(4.2)

As expected carbon level does not have an influence on Ai and thus S060 and S100
steels display similar Ai temperatures. In addition the levels of nickel, chromium and
silicon are trace in the present steels, whereas manganese level is low. As a result the
calculated Ai temperature is only slightly lower than 723°C in steels S060 and S I00.

For the range of testing temperatures used in the present work steel S004 was entirely
within the single phase ferrite region due to its low carbon content, and therefore no
eutectoid transformation was observed in 0.005%C steel.
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4.2 Phases Present during Finish Deformation
In the present steels numerous combinations of phases are observed during finish
deformation depending on the testing temperature and steel composition. The volume
fraction o f these phases has a significant influence on the microstructure after finish
deformation.

Figure 4.1 shows the various phases which are likely to be observed during finish
deformation in the present steels, based on the transformation temperature
measurements in the previous section. For simplicity the Ai temperature is taken to be
723°C which is close to the calculated values for S060 and S100 steels. The solid
vertical lines in Figure 4.1 represent the testing temperatures outlined in Figure 3.5,
whereas the broken lines represent the additional testing at higher temperatures in
steels S060 and S100 as discussed in section 3.3.2.2.

In Figure 4.1 it can be seen that finish deformation temperatures (FDT’s) in the range
of 790°C-640°C are completely within the single phase ferrite region for steel S004,
whilst these temperatures for steels S060 and S100 are mainly within the two phase
(a-py) region. In steel S100 it is apparent that significant amounts of austenite would
be present during deformation at 790°C. On the other hand, at testing temperatures
below 690°C it is likely that the y—»Fe3C transformation is completed in steels S060
and S I00, and as a result deformation occurs within the (a+Fe3C) region at such
temperatures.
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Schematic diagram showing a section of the iron-carbon phase
diagram with the range of finish deformation temperatures used in
present work for all three steels.
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4.3 Optical Microscopy
Initially the as cast microstructures were examined in the present steels. Following this
microstructures were observed after hot compression had been carried out. This
included structures prior to finish deformation as well as after holding. The most
important structural feature was considered to be the ferrite grain morphology, which
varied significantly after finish deformation. In addition the distribution of second
phase particles such as cementite was studied.

4.3.1 As Cast Microstructure
The present experimental steels were taken from continuously cast slabs. The
photomicrographs in Figure 4.2 show the range of starting microstructures of S004,
S060 and S100 steels. In the S004 steel sample a coarse ferritic structure is observed
whereas in S060 and S100 steels Widdmanstatten ferrite in combination with what
appear to be coarse bainitic islands are present. This is perhaps an unexpected
structure due to the quite low alloying levels in steels S060 and S I00. However, it is
likely that the microstructures have been influenced by the flame cutting which was
used by the company to cut the initial slab into bars, since the microstractures shown
in Figure 4.2 were taken approximately 1 cm towards the centre from flame cut
edges. In such regions the cooling rate would be more rapid than in the centre
of the bars which could produce bainitic structure.

4.3.2 Microstructures Prior to Finish Deformation
The microstructures immediately prior to finish deformation at 690°C (following
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(c)

Figure 4.2

Photomicrographs showing as cast structures of all three steels
examined in this work a) S004, b) S060 and c) S100. Mag. lOOx
Etchant nital.
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(a)

Figure 4.3

Photomicrographs of steels a) S004, b) S060 and c) S100 immediately
prior to finish deformation at 690°C following roughing. Mag. lOOx
E tc h a n t nital.
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Effect of preholding temperature prior to finish deformation on
transformed ferrite grain size in steels a) S060 and b) S100. The
measured Ar3 temperatures are indicated by arrows in each case.
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solution treatment, roughing and preholding) were considerably more uniform and can
be seen in Figure 4.3 which shows ferrite grains transformed completely from
austenite. The structure of steel S004 is completely ferritic while steels S060 and
S100 display increasing levels o f a second phase constituent. It can also be seen that
the grain size decreases from steel S004 to S100 as the carbon level increases. The
grain sizes after transformation were 41pm, 26pm and 21pm in S004, S060 and S100
steels respectively.

The transformed ferrite grain size after roughing is influenced significantly by the
preholding temperature prior to finish deformation, particularly at higher temperatures
within the a+y region. Figure 4.4 shows the effect of preholding temperature prior to
finish deformation on transformed ferrite grain size in steels S060 and SI00. The
indicated Ar3 temperatures in Figures 4.4 a) and b) are those measured during
continuous cooling as given in Table 4.1. In the case of Figure 4.4 the transformed
ferrite grain size measurements were made after a 3 minute prehold at the temperature
concerned, and under such conditions a slight shift in Ar3 above the indicated values
in Figure 4.4 is expected. This would explain why transformed ferrite is observed at
temperatures slightly higher than the Ar3temperature indicated in Figure 4.4 a).

Figure 4.4 shows that the transformed ferrite grain size remains more or less
unchanged at lower prehold temperatures within the a+y region. However, as
preholding temperature is increased to near the measured Ar3 the transformed ferrite
grain size decreases significantly in steels S060 and S I00. This is considered to be due
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to the decreased volume fraction of transformed ferrite at higher preholding
temperatures.

In steel S004, it was found that the microstructure prior to finish deformation consists
of 100% transformed ferrite over the range o f testing temperatures in this work. The
results show that the transformed ferrite grain size in S004 steel does not vary
significantly between 640°C-790°C, although marginal ferrite grain growth is
observed to occur during the three minute prehold at higher temperatures.

4.3.3 Effect of FDT and Strain on Ferrite Grain Structure after Holding
After finish deformation and holding a variety of microstructures were produced
depending primarily on FDT and strain. Under most conditions the samples showed
either only large strain free grains or large strain free grains in combination with fine
substractured grains. In some cases a mixed strain free grain structure also occurred
consisting of fine and coarse ferrite grains.

4.3.3.1 Microstructure after Deformation at High Strain
At strains above 0.2 the microstructure after finish deformation and holding in steels
S060 and S100 depends primarily on FDT. The effect of FDT on microstructure can
can be divided into 4 temperature regions when finishing strain is 0.2 or higher
including:
1) below Ai (690°C or less)
2) lower <x+y region (690°C to Ar3 - 50°C)
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3) upper ot+y region (Ar3 - 50°C to Ar3)
4) above Ar3

At low temperatures within region 1 in steels S060 and S100 (ie 640°C) the structure
consists o f coarse strain free grains and relatively fine substructured grains as shown
in Figure 4.5. At an FDT o f 640°C the proportion of strain free grains depends on
finish deformation level. In general the higher the finish strain the lower the volume
fraction of subgrains present after holding. In the case of steel S060 substructured
grains persist up to strains of 0.5. This leads to a characteristic island structure
consisting o f coarse strain free island grains in a matrix of substructured ferrite grains.
These ferrite island grains tend to be elongated in the direction of compression. In
general the degree o f elongation o f strain free ferrite grains appears to increase at
lower FDT’s in all steels within regions 1 and 2. This agrees with the findings o f other
authors (Vodopivec et al, 1988).

At increased temperatures within region 1 (ie 690°C) the ferrite grain structure is
different to that at lower FDT. Steels S060 and S100 display completely strain free
structures at this FDT for deformation of s=0.2 or higher. This is similar to the
microstructure throughout region 2 which consists of coarse equiaxed ferrite grains
particularly at higher FDT’s. Increasing the finishing strain in region 2 results in a
subsequent decrease in grain size. As will be seen in later sections this is also true for
regions 3, 4 and high FDT’s within region 1. Typical microstructures after finish
deformation in region 2 can be seen in Figure 4.6,
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(a)

(b)
Figure 4.5

Photomicrographs showing grain structure after finish deformation at
640°C (s=0.2) followed by holding a) S060, b) S I00 Mag. 200x
E tc h a n t nital.
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(a)

(b)
Figure 4.6

Photomicrographs of structures within region 2 at strain of 0.2 or
h ig h e r fo r steels a) S 060 an d b ) S I 00. M ag. lOOx E tc h a n t nital.
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(b)
Figure 4.7

Photomicrographs showing structures obtained in region 3 at strain of
0.2 or higher in steels a) S060 and b) S100. Mag. lOOx Etchant nital.
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(a)

(b)
Figure 4.8

Photomicrographs showing structures in steels a) S060 and b) S I00
when finish deformation was carried out at strain of 0.2 or higher in
region 4. Mag. lOOx Etchant nital.
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(a)

(b)
Figure 4.9

Photomicrographs showing micro structures obtained in steel S004 at
an FDT of a) 790°C and b) 640°C at strain of 0.2 or higher. Mag. 200x
E tc h a n t nital.
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(a)

(b)
Figure 4.10

Photomicrographs showing microstructures at low FDT and strain
(s<0.15) in steels a) S004 and b) S100. Mag. 200x Etchant nital.
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(b)
Figure 4.11

Photomicrographs of microstructures obtained at high FDT’s and low
strains (s<0.15) in steels a) S004 and b) S I00. Mag. 200x Etchant
nital
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As FDT increases further and becomes within region 3 (ie near Ar3) the structure in
steels S060 and S100 is characterised by the appearance of fine ferrite grains in
combination with coarse ferrite grains. The proportion of these fine ferrite grains is
observed to increase as FDT becomes higher. The result is a mixed strain free ferrite
grain structure as shown in Figure 4.7.

Finally at the highest temperatures of deformation (region 4) the structure in steels
S060 and S100 consists of fine and completely strain free grains. In this region the
grains appear to be more equiaxed than at lower FDT’s. The observation of lenticular
clusters of grains which has been attributed to the transformation of unrecrystallised
austenite was not observed (Vodopivec et al, 1988). However, a similar structure was
observed in some samples deformed slightly below Ar3 (ie region 3). The
microstructure o f samples deformed above Ar3 can be seen in Figure 4.8.

In steel S004 the microstructure is considerably less complex than in the other two
steels due to the fact that deformation occurs fully within the single phase ferrite
region. As a result at finish deformations above 8=0.2 only coarse strain free ferrite
microstructures are developed. These are considerably coarser than the structures
developed in steels S060 and S100 especially at higher FDT’s. In addition the grain
size is more uniform unlike the mixed ferrite grain size present in S060 and S I00
steels at higher FDT’s (region 3). As FDT is decreased in S004 the grain size is
refined with ferrite grains becoming more elongated in the compression direction. At
an FDT of640°C coarse ferrite grains occur in combination with substructured grains.
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The microstrueture obtained at high and low FDT in steel S004 can be seen in
Figure 4.9.

4.3.3.2 Microstructure after Deformation at Low Strain
At lower finish strain (ie 8=0.1) the microstructure is not influenced significantly by
FDT. When FDT is 690°C or less (region 1) a mixture of strain free ferrite and
deformed ferrite grains are present. These strain free grains are of similar size to the
deformed matrix. All three experimental steels display this behaviour as can be seen in
Figure 4.10. At high FDT and low finish strain (s=0.1) the behaviour is slightly
different with a small proportion o f strain free grains becoming coarse. Under these
conditions the structure consists o f a mixture of coarse strain free ferrite grains as well
as strain free and deformed ferrite grains o f similar size as can be seen in Figure 4.11
for steels S004 and S I00.

4.3.3.3 Summary of Effect of FDT and Strain on Ferrite Grain Structure
The effect of FDT and finishing strain on the proportion of strain free and
substructured grains within the structure is summarised in Figures 4.12, 4.13 and 4.14
for steels S004, S060 and S100 respectively. It can be seen that there are three
distinct regions namely 1) 0% strain free grains (0% SF), 2) partial strain free grains
(PSF), and 3) 100% strain free grains (100% SF) which are separated by the curves
Sfs and Sff respectively. The dotted curve SFs is an estimation of the deformation level
required for the onset of a strain free structure whilst the curve SFf corresponds to the
deformation level at which only strain free grains exist. The structure o f ferrite within
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the 0% SF region was composed of deformed grains only while the structure in the
PSF region consisted o f a mixture o f strain free and deformed grains. All grains within
the 100% SF region were completely strain free and equiaxed.

The results given in Figures 4.12, 4.13 and 4.14 indicate that as FDT is lowered,
higher deformation levels are needed to produce a 100% strain free structure, and this
effect becomes more pronounced when FDT is below 690°C in all three steel grades.
Comparison o f results in Figures 4.12, 4.13 and 4.14 shows that in S060 the Sff curve
is shifted slightly towards higher FDT’s than for the other two steels. In other words
it is interesting to note that a completely strain free structure could not be achieved in
S060 after deformation at 640°C irrespective o f the level o f finish strain, whilst S004
and S100 exhibited completely strain free structures at finish strains of 0.3 and 0.4
respectively for the same FDT.

Figures 4.12, 4.13 and 4.14 also show that between 690°C-790°C a critical strain ecrit
(ie SFf) must be exceeded to ensure the generation of a 100% strain free structure.
The results show that the transition from the PSF region to the 100% SF region is
distinct and is affected by level o f strain between 690°C-790°C. One can notice that
in S004 and S060 samples a critical strain o f slightly less than 0.2 in the temperature
range o f 690°C-790°C is needed to produce a completely strain free grain structure.
In S100 steel, on the other hand, a gradual increase of scrit can be seen as FDT is
decreased from 790°C to 690°C.
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E ffe c t o f finishing strain an d te m p e ra tu re on th e p ro p o rtio n o f strain
fre e g ra in s in steel S I 00.
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Figure 4.15

Photomicrographs showing the comparison between grain size
immediately prior to finish deformation and grain size after finish
deformation (FDT—640°C s—0.3) and holding in steels a) S004 and b)
S100. Mag. lOOx Etchant nital.
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The effect o f finishing strain and FDT on the experimentally measured grain size after
holding in the present steels is shown in Figures 4.12, 4.13 and 4.14. It can be seen
that coarse ferrite grain size occurs within the 100% strain free region. In steel S004
the grain coarsening is more pronounced than in the other two steel grades. This can
be seen in the photomicrograph in Figure 4.15 which compares the structure prior to
finish deformation with that after finish deformation and holding in steels S004 and
SI00. The magnitude of ferrite grain coarsening can be understood by considering
(from Figures 4.12 and 4.14) that in steel S004 under the appropriate finishing
conditions the final grain size is greater than four times the initial grain size (41pm),
whereas in steel S100 the final grain size is approximately two times the initial grain
size (21pm). This suggests that the degree of coarsening is dependent on carbon
content as will be discussed in a later section.

4.3.4 Structure of Second Phase after Finish Deformation
After finish deformation below Ai in steels S060 and S100 (ie 690°C or less) the
second phase consists largely of spheroidised pearlite, which is observed mainly at
grain boundaries and triple points. At an FDT o f 640°C the spheroidised pearlite is
finer than at 690°C. Figure 4.16 shows the various pearlite structures obtained in steel
S100 at FDT’s below Ai.

In addition to spheroidised pearlite coarse cementite particles are also observed at an
FDT of 640°C. Observations indicate that cementite forms during holding prior to
deformation on the transformed ferrite grain boundaries. Following deformation the
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(a)

(b)
Figure 4.16

Photomicrographs showing structure of second phase particles after
holding in SI 00 for FDT’s of a) 690°C, b) 640°C. Mag. lOOOx Etchant
nital
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(a)

(b)
Figure 4.17

Photomicrograph showing distribution of cementite particles before
and after finish deformation at 640°C in steel S I00 a) before
deformation, b) after deformation. Mag. 400x Etchant nital
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coarsening of ferrite grains occurs which involves migration of grain boundaries which
pass through the cementite particles (which were originally at the grain boundaries
prior to finish deformation). The result is that cementite is observed inside the ferrite
grains rather than at grain boundaries. In some cases the positions of the grain
boundaries prior to deformation can be seen as a trail of cementite particles within the
coarse ferrite grains. Figure 4.17 is a photomicrograph showing the distribution of
cementite particles before and after finish deformation at 640°C. It is probable that a
similar process occurs at an FDT o f 600°C where cementite particles are also found
within coarsened ferrite grains.

In samples deformed at higher temperatures the second phase consists of what is
considered to be mainly cementite which is primarily at grain boundaries and triple
points, although smaller amounts o f bainite or possibly martensite are also observed.
The cementite presumably forms during holding at 700°C whereas the bainite is likely
to have formed during quenching after holding, indicating that some residual austenite
was present prior to quenching.

4.3.5 Substructure Formed in Ferrite after Finish Deformation
At low FDT’s (ie 640°C) restricted growth o f strain free grains occurs in all three
steels as shown in Figures 4.12-4.14. Under such conditions it is possible to examine
the ferrite substructure after holding at 700°C. In all cases the use of Marshall’s
reagent clearly revealed substructure under the optical microscope.
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The present steel samples all show similar substructure at an FDT o f 640°C despite
their varying carbon levels. At both low and high finish strain the subgrains are well
defined with distinct boundaries. At low finish strain (ie 8=0.1), the subgrains are
elongated and have appearance o f a banded substructure. Despite the appearance of
these bands the misorientation across deformed grains is only slight suggesting that
these are not the deformation bands which are known to form within unstable
orientations in cold compressed iron (Doherty et al, 1978; Barret, 1939).

Figure 4.18 shows an optical micrograph o f elongated subgrains in steel S004 after a
finish strain of 0.1 at an FDT o f 640°C. Similar subgrain structure is observed in the
other two steels at low finishing strain and FDT. However, as strain is increased
(ie s=0.3) the elongated subgrains start to disappear and the structure consists of
equiaxed subgrains. Other authors have made similar observations in a 0.17%C steel
(Wang et al, 1993), and attributed this to the formation of new sub-boundaries which
traverse the subgrains that are already present.

At higher FDT (ie 770°C in steel S I00), well defined subgrains are present even after
immediate quenching following deformation as can be seen in Figure 4.19. This
differs with observations for deformation at lower FDT where subgrains are only well
defined

after

holding

at

700°C

for

15 minutes. Figure 4.19 shows the

considerable subgrain heterogeneity which is present in S100 steel when deformation
occurs in the (y+a) region, particularly when austenite volume fraction is high. In
addition to this Figure 4.19 shows that extreme variations in subgrain size are
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Photomicrograph showing elongated subgrain structure in steel S004
at low strain (s=0.1) and low FDT (640°C). Mag. lOOOx Etchant nital.
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Photomicrograph showing subgrain structure at high FDT (770°C) and
high finish strain (s=0.3) in steel S I00. Mag. lOOOx Etchant nital.
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observed in steel S100 at high FDT. Despite this it is possible to characterise the
substructure in terms of the criteria which follow:

1) Microstructural features reveal that the smallest subgrains within ferrite are present
slightly away from austenite islands whereas the largest subgrains are observed
directly on the surface o f austenite, particularly between crevices,

2) In regions where austenite grains are not widely separated, the subgrains are
formed with distinct boundaries which have relatively high misorientations of ~2-5°.
It has been found that dynamic recrystallization can occur within ferrite when both
austenite volume fraction and strain are high (Wang et al, 1994).

4.4 Effect of Processing on Ferrite Grain Size after Holding
Ferrite grain size was found to be effected by a number of processing variables. The
most important influence was due to factors such as FDT and finishing strain. In this
section the effect of these and other processing parameters on experimentally
measured ferrite grain size is investigated in the present low carbon steels.

4.4.1 Effect of Finish Deformation Temperature
In Figures 4.20 a) and b) the effect of FDT on experimentally measured ferrite grain
size after holding can be seen for a finish strain of 0.3* in steels S060 and S I00. The
experimentally measured austenite volume fraction immediately prior to deformation
is also indicated in Figures 4.20 a) and b) as a function of FDT to clarify its effect on
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grain coarsening behaviour. It is apparent from Figure 4.20 that both steels behave in
a similar manner with four distinct regions being displayed, as was the case for the
ferrite microstructures in the previous section.

At high FDT’s (ie above Ara) the ferrite grain size after holding in steels S060 and
S100 is fine and decreases gradually with FDT. In this range only austenite is present
during deformation as can be seen from Figures 4.20 a) and b). At FDT’s slightly
below the onset of the y -x x transformation (ie region 3) the ferrite grain size
increases steeply with decreasing finish deformation temperature. One can notice
from Figures 4.20 a) and b) that a sharp variation in austenite volume fraction prior
to deformation occurs within the same temperature range. As a result it appears that
the ferrite grain size after holding in steels S060 and S100 is influenced significantly
by the relative amounts of austenite and ferrite phases present during deformation. In
particular the presence of austenite during deformation appears to be associated with
production of fine ferrite grains after holding, whereas coarse grains result from
ferrite which is present during deformation. It is for this reason that a mixed ferrite
grain structure occurs within region 3 where the high austenite volume fraction leads
to a high proportion of fine transformed ferrite in the structure and a relatively small
proportion of coarse strain free ferrite in steels S060 and S I00.*

* The data were extrapolated to a finish strain of 0.3 when the experimental strain was
slightly higher or less than 0.3.
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Effect of FDT on austenite volume fraction and experimentally
measured grain size in steels a) S060 and b) S I00.
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Figure 4.21

Effect of FDT on experimentally measured grain size in steel S004.
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At lower FDT’s than region 3 Figure 4.20 shows that a plateau in ferrite grain
size occurs for steels S060 and S100 whereby only a small dependence on FDT is
observed. In this temperature range the variation in austenite volume fraction is not as
significant as in region 3. This gives a further indication towards the importance of
austenite volume fraction in controlling the ferrite grain size after holding.

As FDT is further decreased to below Ai (region 1) it can be seen from Figure 4.20 a)
that coarse ferrite grain size occurs in steel S060 to an FDT of 690°C. At FDT’s
below this the grain size decreases considerably to 36pm. This decrease appears to be
associated with the presence o f substructured grains after finish deformation at lower
temperatures. As shown in Figure 4.13 substructured grains occur at all levels of
finish strain for an FDT o f 640°C in steel S060. On the other hand, in steel S100
substructured grains do not occur at an FDT o f 640°C (strain=0.3), and thus the grain
size does not decrease rapidly at FDT’s below 690°C as shown in Figure 4.20b).

In steel S004 the effect of FDT on ferrite grain size is different to that in the other two
steels as shown in Figure 4.21. In this case only coarse ferrite grain structures result.
For example, at an FDT of 790°C and strain o f 0.3 a grain size o f 132pm results in
steel S004, while grain sizes of 51pm and 25pm result in steels S060 and S100
respectively. The observation o f only coarse grain size in steel S004 is considered to
be due to the fact that no austenite is present during deformation for FDT’s of 790°C640°C. Despite this the variation in ferrite grain size is quite significant over the range
of FDT’s examined with grain size generally becoming finer with decrease in FDT.
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Interestingly, the grain size at 640°C is in some cases greater than at 690°C (ie at
finish strains o f 0.3 and 0.5). This effect does not occur at a strain of 0.2, possibly
because a 100% strain free structure is not observed at an FDT of 640°C leading to
incomplete coarsening in this condition.

4.4.2 Effect of Finish Strain at FDT below Ar3
The finishing strain was found to have a significant influence on the ferrite grain size
after holding. The effect of finish deformation level on ferrite grain size after holding
can be seen at various FDT’s in Figures 4.22, 4.23 and 4.24 for steels S004, S060 and
S100 respectively. These curves show a number of similarities which will be examined
in this section.

Figures 4.22 and 4.23 show that peaked behaviour occurs in steels S004 and S060 at
FDT’s above 640°C. This is similar to the behaviour reported by Antonione et al
(1973) in strain annealed iron (type 1 behaviour in section 2.2.3.1.1), where the onset
of grain coarsening is characterised by a sharp increase in ferrite grain size above a
critical strain. In steels S060 and S100 it can be seen that the ferrite grain size
increases sharply at a strain o f approximately 0.15 for FDT’s between 790°C-690°C.
The magnitude o f this strain corresponds closely with scrit (ie Sff in figures 4.12 and
4.14) which is associated with production of 100% strain free grain structure. This
provides further evidence that coarse ferrite grain size and 100% strain free grain
structure are interdependent in steels S060 and S004.
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At higher strain than scrit the ferrite grain size is refined in steels S004 and S060 as
shown in Figures 4.22 and 4.23 respectively. Initially at strains slightly above eCnt the
refinement in ferrite grain size with increase in deformation is quite pronounced up to
approximately 8=0.3. However, at strains higher than 0.3 the grain size appears to
reach a steady state value where the level of strain does not have as significant an
influence.

In steel S100 it can be seen from Figure 4.24 that no sharp increase in grain size
occurs at low strain, particularly for FDT’s above 690°C. This behaviour is likely to
have resulted from the presence o f quite high austenite volume fraction during
deformation between 740°C-790°C. Despite such an effect a relatively minor peak in
grain size exists at strain of 0.2 at FDT’s between 690°C-790°C. It seems, therefore,
that the effect of finish strain on grain size in S100 steel can be considered similar to
the type 1 behaviour reported by Antonione et al, (1973) which is also observed in
steels S004 and S I00.

Another consequence o f the high austenite volume fraction during deformation in
steel S100 is the relatively fine grain size which results after finish deformation at
790°C (at all levels of strain) followed by holding. Figure 4.24 shows that ferrite grain
size is finer after deformation at 790°C than at any other FDT. This seems to be due
to the fact that this deformation temperature is close to the measured Ar3 for steel
S100 which results in the generation of fine transformed ferrite grains after
deformation. This causes a reduction o f grain size after holding for an FDT of 790°C.
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At an FDT o f 640°C the microstructure in all three steels predominantly consists of a
mixture o f strain free and substructured grains. As a result the behaviour is slightly
different to that at higher FDT as can be seen from Figures 4.22-4.24. In steels S004
and S100 a slight peak in ferrite grain size still exists but this occurs at higher finish
strain (ie approx s=0.3). In both steels this level of finish strain corresponds with the
onset o f a 100% strain free structure. In steel S060, on the other hand, a 100% strain
free structure does not occur at an FDT of 640°C. Consequently a peak in ferrite
grain size is not displayed but rather a gradual rise in ferrite grain size with increased
finish strain is observed which is similar to the type 2 behaviour observed by
Antonione et al (1973) in cold rolled and annealed iron.

4.4.3 Effect of Finish Strain above Ar3
At FDT’s approaching Ar3 the ferrite grain size appears to become considerably finer
than at lower FDT’s. In order to examine this further a number of steel S060 samples
were finish deformed at various strains and temperatures above Ar3, and subsequently
held at 700°C for 15 minutes as was done previously. The resulting fine ferrite grains
were completely transformed from austenite.

Figure 4.25 shows the effect of finishing strain above Ar3 on transformed ferrite grain
size after holding in steel S060. At these FDT’s no peak in grain size is observed, due
to the fact that no grain coarsening of ferrite has occurred. Instead, the results show
that the ferrite grain size is refined with increase in strain above Ar3 (since the ferrite
grain size after roughing and no finish deformation above Ar3 is 26pm). Initially at
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Figure 4.25

Effect of finish deformation above Ar3 on ferrite grain size after
holding. The transformed ferrite grain size after roughing and no finish
deformation above Ar3 is indicated by the arrow on the left hand side
of the diagram.
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lower strains the decrease in grain size is rapid, however, at higher strains (ie 8=0.5) it
appears that a relative steady state is reached.

In addition to the effect o f finishing strain Figure 4.25 also shows the effect of FDT
above Ar3 on ferrite grain size after holding. It can be seen that ferrite grain size in
steel S060 is refined with decrease in FDT above Ar3. Similar behaviour is likely to be
observed in the other two steels provided that deformation occurs completely within
the austenite phase.

4.4.4 Effect of other Processing Variables on Ferrite Grain Size and Structure
Ferrite grain structure was influenced by other variables such as solution temperature
prior to roughing, and holding temperature after deformation. Under some
deformation conditions these variables were extremely important since they
determined whether or not 100% strain free grain structures occurred, which in turn
significantly influenced ferrite grain size after finish deformation in the present steels.
As a result the effect o f the most important of these factors will now be considered.

4.4.4.1 Holding Temperature
At low FDT the holding temperature has an influence on the proportion of strain free
grains within the structure. Figure 4.26 shows the effect of holding temperature on the
proportion of strain free grains in steel S100 at an FDT of 640°C. It can be seen that
at low holding temperature (ie 650°C 15 mins) the growth of strain free grains is
retarded whereas at high holding temperature the growth of strain free grains can
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occur more easily. As a result the ferrite grain size at lower holding temperature
(30pm) is finer than that at higher temperature (36pm).

At increased FDT (>740°C) the effect o f holding temperature is slightly different as
can be seen in Figure 4.27. In this case a 100% strain free structure appears to have
been achieved prior to holding, and thus a coarse ferrite grain size is present upon
attainment o f the holding temperature. Figure 4.27 shows that the sample held at
650°C has a larger number of fine ferrite grains when compared to the sample held at
700°C. This indicates that additional grain growth of the already coarse strain free
ferrite grains has occurred during holding at 700°C resulting in consumption of fine
ferrite grains by large grains. Under such conditions the effect on ferrite grain size is
quite large as shown in Figure 4.27.

4.4.4.2 Solution Temperature
Reducing the solution temperature allows incomplete dissolution of aluminium nitride
within austenite. For this reason it is possible that the solution treatment temperature
has an effect on ferrite grain size at low FDT’s due to its influence on aluminium
nitride precipitation. In steel S060 reduction of the solution treatment temperature to
1050°C results in 100% strain free structure at an FDT of 600°C. On the other hand,
when a solution temperature of 1170°C is used completely strain free structure ceases
to exist at FDT’s below 665°C in steel S060. Thus decreased solution treatment
appears to be beneficial to ferrite grain coarsening presumably due to its effect on
aluminium nitride precipitation. The effect of solution temperature on proportion of
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Figure 4.26

Graph showing effect of holding temperature on proportion of strain
free grains in steel S I00 after deformation (s=0.3) at an FDT of
640°C.
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Photomicrographs showing effect of holding temperature on structure
in steel S I00 after deformation at high FDT (FDT = 740°C).
a) HT = 650°C, b) HT = 700°C. Mag. lOOx Etchant nital.
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Graph showing effect of solution temperature on percentage of strain
free ferrite grains in steel S060 at an FDT of 600°C.
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strain free grains can be seen in Figure 4.28 for steel S060 at an FDT of 600°C. At
high solution temperature the ferrite grain size is 36pm compared to 46pm at lower
solution temperature in steel S060 (FDT=600°C).

4.4.5 Effect of Composition on Ferrite Grain Size
Ferrite grain size after deformation and holding has been shown to be influenced by a
number of processing variables such as FDT and finishing strain. Another factor
which has an important influence on ferrite grain coarsening is steel composition

(ie

carbon content). The influence o f carbon content on the ferrite grain size after holding
can be seen in Figure 4.29 for different finish strains at an FDT o f 740°C. The results
show that grain size decreases significantly with increase in carbon content. In
addition it can be seen that the greatest effect of carbon content occurs for a finish
strain of 0.2. This is consistent with the findings of Gladman et al (1971) on
recrystallised cold rolled and annealed steel which showed that the effect of
composition on ferrite grain size after holding was most pronounced at low strains.

At lower FDT (ie 640°C) the effect o f carbon on ferrite grain size is not as significant
as that at higher FDT. Figure 4.30 shows that at an FDT of 640°C steel S100 displays
similar grain size to S060 with the largest grain size occurring in steel S004 for all
levels of strain. This is due to the fact that steel S060 does not attain a 100% strain
free structure when deformation is carried out at 640°C. Steels S004 and S I00, on the
other hand, attain 100% strain free structures at strains of 0.3 and 0.4 respectively. As
a result complete coarsening occurs in the later two steels at low FDT.
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Effect of carbon content on ferrite grain size after holding for different
finishing strain s at an F D T o f 74 0 °C .
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Effect of carbon content on ferrite grain size after holding for different
finishing strains at an FDT of 640°C.
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At the highest FDT of 790°C the ferrite grain size is inversely proportional to the
carbon content as can be seen in Figure 4.31. This is likely to be due to the
considerable drop in ferrite grain size which is observed in steel S100 due to the high
proportion o f austenite present during finish deformation at 790°C in this steel.

4.5 Flow Curves during Finish Deformation
The true stress-true strain curves (flow curves) at various FDT’s in the range of
640-790°C are shown in Figure 4.32 for steel S004 at a finishing strain of 0.3
(ie cumulative strain o f 0.8-1.1). It can be seen that the shape of the flow curves is
typical o f material exhibiting dynamic recovery. This type of behaviour is expected in
steel S004 since deformation occurs solely within the high stacking fault energy
ferrite phase.

The flow curves for steel S004 show monotonic increase o f stress at strains above
s=0.1 (ie cumulative strain o f 0.9) indicating that steady state is not reached. This is
possibly due to the fact that under present deformation conditions the rate of dynamic
recovery is less than the rate o f dislocation generation. It is also possible that friction
between test platens and sample has had an influence on the shape o f the flow curves
observed in figure 4.32.

The flow behaviour o f steels S060 and S100 can be seen in Figures 4.33 and 4.34
respectively. These curves are also indicative of dynamic recovery, with near steady
state flow stress occuring at strains above 0.1. Comparison of the effect of FDT on
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Flow curves at various FDT’s in steel S004 for a finish strain of 0.3.

186

Experimental Results

187

True Stress (MPa)

Chapter Four

Figure 4.33

Flow curves at various FDT’s in steel S060 for a finish strain of 0.3.
The arrows indicate the strain at which discontinuity in flow behaviour
is o b se rv e d a t lo w F D T .
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Flow curves at various FDT’s in steel S I00 for a finish strain of 0.3.
The arrow indicates the strain at which discontinuity in flow behaviour
is observed at low FDT.

Experimental Results

189

True Stress

Chapter Four

True Strain ---------------- ►
Figure 4.35

Schematic diagram showing the location of discontinuity in steels S060
and S I00 at low FDT’s.
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Photomicrograph showing spheroidisation of pearlite in steel SI00
(strain=0.3, FDT=640°C), Mag. 400x Etchant Nital.
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flow stress in Figures 4.32, 4.33 and 4.34 reveals similar behaviour in steels S004 and
S060, with slightly different behaviour occurring in steel S I00. For example, in steels
S004 and S060 the flow stress increases when FDT is lowered at all levels of strain,
however in steel S100 the flow stress (above 8=0.1) is higher at an FDT o f 790°C
than at 740°C. This can be attributed to the significantly larger austenite volume
fraction during deformation at 790°C compared to 740°C in steel S I00, since it has
been observed by other workers that the flow stress in the austenite phase at a given
FDT is higher than that in the ferrite phase (Reynolds et al, 1962; Bleck et al, 1993).

At low FDT steels S060 and S100 display a discontinuity in flow behaviour as
indicated in Figures 4.33 and 4.34 respectively. The onset of this discontinuity is
characterised by a sudden rise in work hardening rate as shown in Figure 4.35. The
occurrence o f discontinuity similar to that observed in steels S I00 and S060 has
in the past been associated with friction due to the impingement of zones of low
deformation in compression samples which leads to increased work hardening rate at
higher strains (Mescall, 1982). If this is really true then it is difficult to provide an
explanation why steel S004 does not display similar discontinuity in flow curves at
low FDT. A possible reason could be that the discontinuity is associated with the
presence of cementite or pearlite during deformation, since it is only observed in steels
S060 and S I00 and not in S004 at deformation temperatures below Ai (ie 640°C or
lower). At such FDT’s pearlite becomes spheroidised during deformation as shown in
the photomicrograph in Figure 4.36. It is possible that spheroidisation o f pearlite
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could result in lowering of work hardening rate prior to the discontinuity observed in
Figures 4.33 and 4.34.

Alternatively the occurrence o f discontinuity at low FDT in steels S060 and S100 may
be associated with strain induced precipitation o f cementite within ferrite grains since
it is known that the precipitation o f cementite causes a decrease in flow stress due to
reduction in solute carbon level. If such precipitation occurs dynamically then it is
possible that the reduction in flow stress due to cementite precipitation counteracts
work hardening during deformation resulting in flattening of the stress strain curve
within the steady state flow curve regime. At the completion of precipitation (ie

e<jiS)

the stress/strain behaviour therefore returns to normal and work hardening is again
displayed.

Clearly more work has to be done to determine which of the above factors is
responsible for the observed discontinuity o f flow stress behaviour in steels S060 and
S100. In the present study limitations in the hot compression equipment
(ie quenching rate) made it impossible to further ellucidate this matter.

4.6 Texture qf Ferrite Grains after Finish Deformation
In this section the electron back scatter diffraction (EBSD) method was used to make
texture measurements on selected samples in order to study the effect of finish strain
and FDT on texture development. Hot compression texture can be described wholly
in terms o f the compression axis and consequently the results in this section are
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presented as inverse pole diagrams rather than the pole or Euler diagrams which are
frequently used to describe texture in hot rolling.

4.6.1 Bulk Texture of Strain Free Ferrite Grains
In steel S100 texture measurements were made at FDT’s above and below the Ar3
temperature. At FDT’s above Ar3, the measurements were made on fine ferrite grains
within the structure which were 100% transformed from austenite. At lower FDT’s
coarse ferrite grains started to appear as has already been described. In this case
texture measurements were only taken on coarse grains so that the origin of these
grains could be determined. In particular it was considered important to determine if
coarse ferrite grains nucleate from within deformed ferrite or from within austenite
which is present during deformation between Ar3 and Ai. As already discussed this is
necessary to understand if transformation induced grain coarsening occurs.

Figure 4.37 shows the texture obtained after deformation above Ar3 in steel S100
(ie 8=0.3 FDT= 830°C) followed by holding. All the ferrite grains in this sample were
fully transformed from the austenite phase. It can be seen from Figure 4.37 that the
texture of these grains is essentially random although slight groupings exist near
{111} || CD and {001 }|| CD. Of these two groups it is possible that {111} is slightly
more intense. Another notable feature in Figure 4.37 is the random array of planes
within the area indicated near {101}.

The texture obtained after finish deformation below Ai (ie FDT=690°C 8=0.3) can be
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Texture measurements on S I00 sample deformed above Ar3 followed
by holding at 700°C (s=0.3 at 830°C). The considerable number of
grains clustered randomly near {101} are circled in the figure.
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001
Figure 4.38

101

Texture measurements on S I00 sample deformed below Ai followed
by holding at 700°C (8=0.3 at 690°C). A small number of grains can be
seen to have orientation near {101} and are circled in the figure. It can
be seen that the scatter in this region is not as large as in
Figure 4.37.

Chapter Four

Experimental Results

196

111

(a)

111

(b)
Figure 4.39

Texture of coarse strain free grains in S I00 samples deformed at an
FDT

of

770°C

b) strain=0.5.

and

quenched

immediately

a)

strain=0.3,
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101

Texture measurements on S004 sample deformed at an FDT of 690°C
(strain = 0.3) and held at 700°C.
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seen in Figure 4.38 for steel S I 00. In this case it is likely that all of the coarse ferrite
grains evolve from within deformed ferrite since only small amounts of austenite
would be present during deformation. Therefore this texture corresponds with either
the recrystallization or strain annealing mechanisms within ferrite discussed earlier.

Comparison between Figures 4.37 and 4.38 indicates that when deformation is below
Ai the {001} component is considerably sharpened while the {111} component is
weakened somewhat. In addition there is no random grouping of planes near {101} as
is the case when deformation is above Ar3 (ie indicated in Figure 4.37), however,
there is a group of planes more closely situated to {101} as can be seen circled in
Figure 4.38. Therefore it appears that several features can be used to distinguish
between grains grown by transformation induced coarsening and the other
mechanisms.

As a result o f this further texture measurements were made on steel S I00 samples
which were deformed at a temperature slightly below Ar3 (ie 770°C), and quenched
rapidly following deformation. In these samples the EBSD measurements were only
made on coarse ferrite grains or ferrite grains which were considered to be in the
process of coarsening. The inverse pole diagrams obtained at finish strains of 0.3 and
0.5 (FDT = 770°C) are shown in Figures 4.39 a) and b) respectively. Both samples
show groupings near {001} ||CD, although at higher strain the {001} component
is considerably stronger. In addition to this the distribution of grains is more random
in the low strain sample particularly for orientations near {101} as indicated in Figure
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4,39 a). As a result it appears that at lower strain (Figure 4.39a) the texture is closer
to

that

o f transformed

ferrite

(Figure

4.37),

whereas

at

higher

strain

(Figure 4.39b) the texture more closely resembles that when FDT occurs below Ai
(Figure 4.38).

In steel S004 (s=0.3 FDT=690°C) the texture is similar to that obtained in steel S100
at low FDT as can be seen in Figure 4.40. This indicates that the presence of second
phase at low FDT has little effect on texture after holding.

4.6.2 Texture of Growing and Consumed Ferrite Grain Pairs
In steel S004 an additional investigation was carried out on selected growing strain
free grains and the deformed grains which surrounded them. In order to achieve this
samples were quenched immediately following deformation so that strain free grains
could be examined in the early stages o f growth. This study was limited to low strain
due to the difficulty in obtaining EBSD patterns on more heavily deformed ferrite
grains.

At an FDT of 690°C (s=0.1) significant amounts of the growing strain free grains in
steel S004 were close to {001} ||CD. This is in good agreement with the bulk texture
measurements made in this study (ie Figure 4.40) on steel S004. In addition texture
measurement on the deformed grains being consumed during growth revealed mainly
{111} || CD. This is consistent with results obtained by other workers on cold
compressed iron (Doherty et al, 1978; Barrett, 1939), although these authors also
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found a strong {001} component. It is likely that a large number of {001} grains were
present in the deformed structure o f steel S004, however, very few o f these appeared
to be close to growing {001} strain free grains.

The orientation o f several strain free/deformed grain pairs is shown in Figure 4.41 for
an FDT o f 690°C. On average the disorientation (ie minimum angle of misorientation
(Hutchinson et al, 1996)) between these strain free/deformed grain pairs was between
45-60°. This corresponds well with the calculated angle between {001} and {111} of
54.7° based on the equation which follows for a cubic system:

h lh 2+ k^k 2+ l , l 2
COS© = - J =
p

4.3)
21 + k 2l + l 2l )Qi
2 + k 22 + l 2)
JX 2
2’

At an FDT of 690°C the misorientation across deformed ferrite grains was only slight
at a finishing strain o f 0.1. This disagrees with observations by other authors
(Doherty et al, 1978) which have shown that misorientations of up to 50° can
occur in moderately strained cold compressed iron due to formation of deformation
bands. Such bands were not observed at a strain of 0.1 in steel S004, although
elongated subgrains with relatively minor misorientations were present. Even at
higher finishing strain optical microscopy did not show any of the heterogeneity
associated with deformation banding. This can be understood in terms of the higher
FDT and lower initial grain size in this work, both of which should reduce the
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Texture measurements on S004 sample deformed at an FDT of 690°C
(strain=0.1) and quenched immediately after deformation. The average
misorientation between growing strain free grain/adjacent deformed
grain pairs. In each case growth of the strain free grain concerned
appeared to be occurring into only one of the surrounding deformed
grams.
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tendency towards deformation banding.

4.7 Room Temperature Hardness of Hot Compressed Samples
In this section Vickers hardness results are presented for samples which have been hot
compressed at various FDT’s above and below Ar3. The effect of ferrite grain size on
hardness is examined to determine if the grain coarsening observed in the present
steels leads to softening at room temperature as has been envisaged.

Initially Vickers hardness testing was carried out on steel S060 samples which had
been hot compressed below Ar3, but it was found that inconsistent hardness values
resulted. The reason for such inconsistency was that samples were quenched after
holding at 700°C, which led to retention of solute carbon. In these samples it was
apparent that small variations in quenching rate after hot working had a larger
influence on room temperature hardness than the ferrite grain size. Therefore it was
necessary to employ an aging treatment to ensure the precipitation of solute carbon as
cementite or in some cases e-carbide prior to

measurement of hardness

(Langer, 1968). In addition the utilisation of an aging treatment was considered more
applicable to conditions during hot rolling of strip where considerable ageing would
occur during cooling o f the coil.

Figure 4.42 shows the effect of ageing time at 350°C on room temperature hardness
in steel S060. From this it can be seen that a rapid drop occurs within the first 30
minutes of aging at 350°C. The precipitates formed by this type of treatment are
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Figure 4.42

Effect of aging time at 350°C on room temperature hardness in steel
S060. Samples were air cooled after each treatment.
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TEM micrograph showing s-carbide and cementite precipitates formed
during aging treatment on steel S060. Mag 40000x.
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Figure 4.44

Effect of ferrite grain size on room temperature hardness in steels
S004, S060 and S I00. These measurements were only taken where
100% strain free structures were observed. Samples were aged for 30
minutes at 350°C and subsequently air cooled.
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Figure 4.45

Effect of FDT on room temperature hardness in steel S060. At FDT’s
below 700°C a 100% strain free structure was not observed. Samples
were aged for 30 minutes at 350°C and subsequently air cooled.
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shown in the TEM micrograph in Figure 4.43. It can be seen that both e-carbide and
cementite precipitates are formed during aging which is consistent with the results of
Langer (1968). The presence of both types o f precipitate in the same sample is due to
the fact that e-carbide is a transition phase, whereas cementite is the equilibrium.
Therefore it is likely that e-carbide precipitated first and then dissolved and
reprecipitated to form cementite, however some e-carbide was left behind due to
insufficient time for this to fully occur.

The effect of ferrite grain size on hardness after aging 30 minutes at 350°C is shown
in Figure 4.44 for all three steels. It can be seen that steel S100 displays the highest
hardness at all grain sizes followed by steels S060 and S004 respectively. In all three
steels the hardness decreases with increase in ferrite grain size.

The effect o f FDT on room temperature hardness after aging in steel S060 can be
seen (s = 0.3) in Figure 4.45. At FDT’s near the indicated Ar3 the grain size is fine
and consequently the hardness is relatively high. As FDT is decreased below Ar3 the
grain size becomes progressively coarser resulting in lower hardness. At FDT’s
between 800-700°C the hardness is reasonably constant in accordance with the grain
size which does not change significantly within this region. However at FDT’s below
700°C a significant increase in hardness is observed. Part of this is attributed to the
grain size decrease which occurs in this range, although a more significant
contribution is made by the presence of deformed ferrite grains since 100% strain free
structures are not obtained at these lower FDT’s.
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Similar hardness behaviour to that shown in Figure 4.45 was observed in steel S I00
as a function o f FDT. In steel S004, on the other hand, it was observed that FDT had
a minimal effect on hardness. This was due to the relative coarseness o f structures
within this steel over the range o f FDT’s examined.

4.8 Aluminium Nitride Precipitation during Processing
The results presented so far have shown that lowering solution temperature enhances
ferrite grain coarsening in the present steels. It is possible that some of this effect can
be attributed to the smaller initial ferrite grain size which would occur at decreased
solution temperature. However, in the present study the effect o f solution temperature
on ferrite grain size is likely to be minor due to the considerable refinement of prior
austenite grain size which occurs during roughing. As a consequence another factor is
likely to be responsible for the retardation of ferrite grain coarsening at higher
solution temperature.

The dissolution o f aluminium nitride and the resultant precipitation which follows
during deformation is another factor which is affected by solution temperature. In the
case o f aluminium nitride fine precipitates are known to retard recrystallization
(Michel et al,

1981), whereas coarse particles are thought to

accelerate

recrystallization through formation o f deformation bands (Michel et al, 1981; Kozasu
et al, 1975). It is, therefore, possible that aluminium nitride precipitates could
influence ferrite grain coarsening and for this reason it was decided to examine the
effect o f solution temperature on precipitate dispersion in steel S060.
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TEM replica showing precipitates formed after solution treatment at
1170°C in steel S060 (FDT=640°C 8=0.3). Mag. lOOOOOx.
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TEM replica showing precipitates formed after solution treatment at
1050°C in steel S060 (FDT=640°C 8=0.3). Mag. lOOOOOx.
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Figure 4.46 is a T E M replica showing precipitate dispersion after solution treatment
at 1170°C followed by finish deformation at 640°C. It can be seen that fine
precipitates (approx 20nm) o f rod morphology occur when solution temperature is
high. On the other hand, at decreased solution temperature (ie 1050°C) larger
precipitates are present in smaller numbers for a finishing strain o f 0.3 at an FDT of
640°C. The shape of these particles is consistent with coarse aluminium nitride
precipitated within austenite (ie plates) as shown in Figure 4.47 (Wilson et al, 1988).
These observations suggest it is possible that such precipitates were formed at higher
temperature since large amounts o f aluminium nitride would be expected to be out of
solution at 1050°C.

CHAPTER FIVE
5. Discussion

5.1 Origin of Grain Coarsening in Single Phase Ferrite
In this section texture measurements using the EBSD method are used in conjunction
with optical microscopy to investigate possible mechanisms of ferrite grain coarsening
in steel S004. Initially the evolution o f texture within deformed and strain free ferrite
grains will be considered, and this will subsequently be interpreted in terms of a
possible nucleation mechanism. Finally observations on the growth of strain free
nucleii will be examined and the implications on ferrite grain coarsening will be
discussed.

5.1.1 Texture of Deformed Ferrite Structure
The present hot deformed texture results can be explained in terms of the texture
evolution observed within cold compressed ferrite and other BCC metals (Barret,
1939; 1966; Dillamore, 1974). These observations are summarised in Figure 5.1 which
shows the rotations undergone by grains during uniaxial compression (with respect to
the compression axis). According to this diagram grains will become more strongly
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oriented to either {001 }|| CD (compression direction) or {111} || CD depending on
which side the original grain orientation lies with respect to the dotted line between
{101} and {411} components. Therefore grains on the {001} side become more
strongly oriented towards {001} whereas grains on the {111} side become more
strongly oriented to {111} (Doherty et al, 1978). The result is that the texture o f cold
compressed iron consists o f both {001} || CD and {111} || CD components.

In steel S004 texture measurements on deformed ferrite grains were taken at a strain
of 0 1 due to the difficulty in obtaining EBSD patterns at higher strain. At first
consideration it would seem unlikely that strong texture could be present in the
deformed structure at such low strain, but the present results show that deformed
grains o f near {111}!) CD orientation are frequently encountered in steel S004. This
could be due to the fact that most of the present texture measurements on deformed
grains were taken adjacent to growing strain free grains*, and it is possible that more
uniform measurement o f deformed texture may have resulted in fewer numbers of
{111} || CD oriented grains and possibly more {001} ||CD grains being detected in
steel S004, leading to closer texture resemblance with that observed in cold
compressed iron. As a result it is conceivable that the texture rotations undergone
during warm compression of iron are similar with those shown in Figure 5.1 for cold
compressed iron.

* since it will be seen in a later section that deformed {111} ||CD grains are often consumed
by growing strain free grains.
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The texture o f deformed ferrite has been measured after warm rolling at higher strain
by Senuma et al (1994). It was found that strong {001} and {111}||ND (ie normal
direction) occurred in the deformed structure at low to high strain after finish rolling
at 750°C. This is comparable to texture results on cold compressed iron and possibly
the present results obtained for steel S004 if it is assumed that the sheet plane normal
direction in rolling is equivalent to the CD in compression. Such similarity between
rolling and compression texture results is perhaps not surprising since Dillamore et al
(1974) have shown that a number of peculiarities exist with regard to stable initial
grain orientations and subsequent rotations during deformation for both uniaxial
compression and plane strain deformation (ie rolling). As a result comparison will be
made between present results and those available on warm rolled iron in subsequent
sections.

5.1.2 Texture of Strain Free Ferrite Grains after Holding
The texture in steel S004 after complete growth of strain free grains is similar to the
deformed texture although it is likely there is an increase in the intensity of the
{001} || CD orientation (ie Figure 4.40). The observation of {001} ||CD in steel S004
is similar to results obtained by other authors on warm rolled low carbon steel. For
example, Senuma et al (1994) found considerably stronger {001} ||ND texture in low
carbon sheet which was warm rolled (80% reduction) at a temperature of 750°C. The
texture observed by these authors was considered to have resulted from ferrite
recrystallization after warm rolling, which suggests that ferrite recrystallization occurs
in the present steel.
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in

Figure 5.1

Inverse pole diagram showing rotations undergone by grains of
different initial orientation during compression (Dillamore et al 1974).
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Photomicrograph showing grain boundary nucléation of a recrystallised
g ra in in steel S 0 0 4 (F D T = 6 9 0 °C , 8= 0 .1 ). M ag . lOOOx E tc h a n t nital.

Chapter Five

Discussion

217

On the other hand, Vanderschueren et al (1990) also found similar texture in warm
rolled low carbon strip (ie {001} ||ND), but concluded that this texture resulted from
transformation induced

grain coarsening rather than ferrite recrystallization. The

reason for this was that the texture o f warm rolled strip lacked components of
{111} ||ND and {101} ||RD which are well known to occur after recrystallization
following cold rolling and annealing in low carbon steel (Hutchinson et al, 1995). As
a result it was concluded that {001} ||ND texture in warm rolled strip is not likely to
have resulted from ferrite recrystallization (Vanderschueren et al 1990). However, as
will be seen in subsequent sections it is possible that {001} texture could have
resulted from recrystallization mechanisms such as strain induced boundary migration
(ie SIBM).

5.1.2.1 Nucleation of Strain Free Ferrite Grains
In this section the texture and microstructure of growing strain free grains is
investigated so that the mechanism o f nucleation of strain free grains in steel S004 can
be more clearly elluciated. Figure 5.2 is a photomicrograph showing nucleation of
a strain free grain in steel S004 at low finishing strain (e=0.1 at 690°C). At this FDT
no austenite is present during deformation and hence the mechanism of nucleation is
not likely to be transformation induced grain coarsening (TIC). In addition the strain
free grain appears to be growing within a deformed ferrite grain, and it is therefore
unlikely that strain annealing has occurred since this mechanism involves migration of
existing grains into neighbouring grains.
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As a result of this it seems that the growing strain free grain is a recrystallised nucleii
emanating from a deformed ferrite grain boundary. Similar grain boundary nucleation
was observed frequently within an S004 sample deformed at 690°C and a finishing
strain o f 0.1. Present results show that the texture of these growing recrystallised
grains was found to be predominantly near {001} ||CD as can be seen in Figure 5.3.
This explains why {001} ||CD is the strongest component in the fully recrystallised
texture after finish deformation at slightly higher strain followed by holding
(ie Figure 4.40). In addition Figure 5.3 shows that deformed grains being consumed
during growth of recrystallized grains are frequently near the {111} || CD orientation,
which suggests that this component is weakened after complete recrystallization in
steel S004.

The observations above indicate that ferrite recrystallization in steel S004 results in
{001} || CD grains replacing {111} || CD deformed grains giving reasonably strong
{001} || CD texture after recrystallization. Similarly, it is possible that the observation
of {001} || ND texture in warm rolled strip (Senuma et at, 1994; Vanderschueren et at,
1990) is likely to have resulted from recrystallization of ferrite, which is in contrast
with observations on cold rolled and annealed strip which tends to display strong
{111} || ND and {101} ||RD after recrystallization. This difference in texture tends to
suggest that the same nucleation mechanisms do not occur in warm rolled strip as
opposed to cold rolled strip since it is likely that recrystallised texture in steel is
controlled by the nucleation process rather than growth (Hutchinson et al, 1995).
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In the case o f cold rolled and annealed low carbon steel it has been observed that
{111} ||ND recrystallised grains emanate from within deformed grains of similar
orientation (ie {111} ||ND) by a process which has been reported as sub-boundary
migration (Vanderschueren et al, 1996). These new recrystallised grains are
characterised by rotations o f 30° around <111> with respect to the original deformed
grains (Hutchinson, 1989). Thus the {111}||ND fibre which is predominant in the
cold rolled structure is preserved during subsequent recrystallization in a process
which resembles recrystallization in-situ. In the present warm deformed steel this type
of mechanism does not arise presumably due to the fact that sufficiently large
orientation gradients are not present within {111} || CD grains for viable nucleii to
form (since sub-boundary migration requires large orientation gradients). Instead the
deformed {111} || CD grains are consumed mainly by grains of entirely different
orientation (ie {001 }|| CD) which indicates that the nucleii originate elsewhere.

Strain induced boundary migration (ie SIBM) has been observed in lightly cold rolled
iron (40%) followed by subsequent annealing (Doherty et al, 1977), as well as in
warm rolled iron at slightly higher reduction (Barnett et al, 1996). This type of
recrystallization leads to similar textural transformations in rolled steel as those
occurring in steel S004 (ie {001} grains replace {111} grains). However,
observations on cold compressed iron have shown that SIBM only occurs in isolated
cases with the majority o f nucleii forming by an alternate mechanism within
deformation bands which tend to separate the stable {001} || CD and {111} || CD
orientations (Doherty et al, 1978). It is possible, however, that the higher FDT
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Average Disorientation of 50-60°
between strain free/deformed
grain pairs

Figure 5.3

Inverse pole diagram showing orientation of adjacent growing
recrystallised/deformed grains which are being consumed in steel S004
and average disorientation between these pairs at low finishing strain
(s=0.1, FDT=690°).
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Photomicrograph showing an example of nucléation within a deformed
{111} || CD grain which was observed in steel S004 (FDT=690°C,
£—0 .1 ). M ag . 6 0 0 x E tc h a n t nital
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and low finishing strain in steel S004 would lead to lesser instance o f deformation
banding, and therefore fewer o f these alternate nucleii. This would be likely to result
in increased observation o f SIBM in the present steel.

In addition the cold compressed steel used by Doherty et al (1978) had extremely
coarse initial grain size (700pm) which is expected to further enhance formation of
deformation bands. The resulting nucleation leads to {101} texture which is different
to that observed in steel S004. Similar effect of initial grain size on texture has been
observed in cold rolled and annealed low carbon steel with coarse initial grain size
leading to nucleation o f undesirable texture components from within {101} ||ND grain
interiors (Vanderschueren et al, 1996). As a result it is possible that finer initial grain
size in cold compressed low carbon steel would give increased observation of SIBM.
In addition an increase in deformation temperature (as is the case in the present work)
could lead to lesser instance o f deformation banding and therefore increased
occurance o f SIBM.

In all the observed instances o f nucleation in steel S004 (e=0.1 at 690°C) the
orientation o f the nucleating grain was not the same as any of the surrounding grains
indicating that SIBM had not occurred. Figure 5.4 shows a typical example of this
type of nucleii formed immediately after finish deformation at low strain, and it can be
seen that nucleation appears to have taken place near the grain boundary within the
grain being consumed. Texture measurement on the recrystallised grain Figure 5.4
revealed {001} ||CD, but none o f the surrounding deformed grains were of similar
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orientation. This tends to suggest that SIBM has not occurred since some sort of
orientation relation should be present between the growing recrystallised grain and at
least one o f the surrounding deformed ferrite grains (ie parent grain where bulging
initiated).

On the other hand, texture measurements on the nuclei shown in Figure 5.4 revealed
that the disorientation between the growing recrystallised grain and deformed grain
being consumed is quite high (approximately 50°-60°). If nucleation has occurred by a
mechanism other than SIBM then it is difficult to explain how such a high
disorientation can develop within {111} ¡CD at strains as low as 0.1. A possible
explanation is that the nucleii in Figure 5.4 is indeed formed by SIBM and that it is
simply not possible to see the parent {001} ||CD grains where bulging initiated due to
the fact that they are below or above the metallographic surface examined.

It seems that similarities exist between nucleii o f the type shown in Figure 5.4 and the
random {001}||ND nucleii described by Vanderschueren et al (1996), which were
observed in cold rolled and annealed Ti-IF steel. In both cases nucleii are formed at
the boundary without apparent orientation relation with the surrounding deformed
grains. These nucleii were termed random nucleii due to the inability of the authors
above to account for their formation.

5.1.2.2 Growth of Strain Free Ferrite Nucleii
At low strain (e=0.1) the nucleation o f strain free grains occurs as shown in either
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Figure 5.2 or Figure 5.4. Following this growth o f the nucleii occurs within the
deformed grain concerned. The disorientation between these strain free/deformed
grain pairs can be seen in Figure 5.3*. At first glance it would appear that certain
disorientations are favoured and maintained during growth, however, it is more likely
that this observation is a consequence of the nucleation process described earlier.

Once growth o f the recrystallised nucleii is completed after low finishing strain
(ie 8=0.1 at 690°C) the structure resembles that shown in Figure 5.5. It can be seen
that mixed strain free and deformed grains of similar size are observed. This
can be explained by considering that growth of recrystallised nucleii such as that
shown in Figure 5.4 has occured until the single deformed grain being consumed has
fully disappeared. Once impingement of the growing recrystallised nucleii occurs on
neighbouring deformed grains its growth is halted. This is possibly because the new
boundary formed has a different disorientation which is unlikely to be as mobile as the
original boundary (ie disorientation o f 50-60°). Figure 5.6 is a schematic diagram
showing the process of nucleii growth described.

One consequence of the growth mechanism shown in Figure 5.6 is that the grain size
observed after finish deformation at low strain and holding does not become coarse
since the recrystallised grains which are formed are of similar size to the deformed
grains they replace. In addition it is possible to explain why 100% strain free structure

* angles of disorientation would not be expected to change significantly during growth due to
the small orientation gradient (<10°) within deformed {111} || CD grains at low strain.
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Photomicrograph showing the structure after completion of growth of
a strain free grain in steel S004 (s=0.1 FDT=690°C). Mag. 600x
E tc h a n t nital.
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Schematic diagram showing progress of recrystallization at low
finishing strain in steel S004.
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of

strain

free

grain

into

neighbouring grains at higher finishing strain (s=0.3 FDT=690°C).
M ag . 2 0 0 x E tc h a n t nital.
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does not occur at strain of 0.1 since nucléation does not develop in all deformed
grains (about 1 in 4) and can not progress into neighbouring grains.

At higher finishing strain (s—0.3) the growth o f strain free nucleii is allowed to
proceed into

neighbouring grains as shown in Figure

5.7 (FDT=690°C).

Unfortunately due to the rapid recrystallization it was not possible to determine
exactly where nucleii had initiated. However, it is likely that similar grain boundary
nucléation occurs as is the case at low finishing strain, since the texture o f strain free
grains is similar in both cases (ie {001 }|| CD).

Figure 5.7 also shows that nucléation density is quite low resulting in the relatively
coarse recrystallised grains which are observed. In addition it can be seen that the
structure in Figure 5.7 is largely strain free due to the fact that all deformed grains are
being consumed (even deformed grains which did not originally contain nucleii).
These observations provide further evidence that 100% strain free structures and
coarse ferrite grain size are interdependent in warm deformed S004 steel.

5.1.2.3 Influence of Nucleii G row th on G rain Coarsening Behaviour
In steel S004 it has been shown previously that a critical strain (ecrit) must be exceeded
(ie Figure 4.12) to achieve 100% strain free coarse ferrite grain structure. Present
results appear to show that nucléation of strain free ferrite grains is likely to occur at
deformation levels below sclit in steel S004. As a result it is apparent that the strain
required for nucléation o f recrystallized grains does not correspond with scrit, and thus
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the observation o f critical strain in steel S004 is more likely to be associated with
growth characteristics of recrystallized nuclei. This is supported by the observation
that coarse ferrite grain size only develops in steel S004 when the growth of
recrystallized nucleii into neighbouring deformed grains is allowed to occur. As such
it is possible that critical strain in steel S004 is related to the energy required for
growing recrystallised nucleii to penetrate into neighbouring deformed grains, since
coarse ferrite grain size can only occur under such conditions. This suggests that
nucleii growth plays an important role in ferrite grain coarsening in steel S004.

In steel S060, and to a lesser degree in steel S I00, a critical strain must also be
exceeded for coarse ferrite grain size to occur. It is possible that similar growth
process occurs in these steels as that observed in steel S004. In these steels, however,
the situation is slightly more complicated due to the influence of second phase
particles on nucleation prior to growth of strain free grains. This factor will be
considered in more detail in the section which follows.

5.2 Influence of Second Phase Particles on Recrystallization
The discussion so far has shown that grain coarsening in single phase ferrite could be
a direct result of recrystallization. In this section the effect o f second phase particles
on the mechanism of ferrite grain coarsening is examined in steels S060 and S I00.
The results of optical microscopy will be presented in conjunction with texture
measurements. These results will then be discussed in terms of the two mechanisms
which have been observed by other authors including ferrite recrystallization (Barnett
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et al, 1995; Bleck et al, 1993) and transformation induced grain coarsening (Kwon et
al, 1988; 1990; Vanderschueren, 1990).

5.2.1 Effect of FDT on Morphology of Second Phase Particles
In order to understand the effect o f second phase particles on mechanism o f grain
coarsening in ferrite it was firstly considered necessary to examine the various second
phase constituents which were observed in steels S060 and S I00.

The second phase immediately prior to finish deformation in S060 and S100 steels at
FDT’s o f 690°C-640°C was found to predominantly consist o f austenite. This is
somewhat surprising since calculations using the equation given by Andrews (1965)
indicate Ai to be approximately 719°C in the present steels meaning that pearlite is
expected instead o f austenite prior to finish deformation at these temperatures. A
possible explanation is that equilibrium has not been reached during preholding and
hence longer time is required for the pearlite phase to form.

This is shown by the fact that pearlite is observed in steels S060 and S100 after finish
deformation at 690°C or lower. Observations indicate that this pearlite transformed
from austenite either during or immediately after finish deformation. It is therefore
apparent that finish deformation leads to accelerated decomposition of austenite to
pearlite and thus an increase o f Aj temperature. The observation of pearlite at an FDT
of 690°C suggests that Ai is higher than this temperature in the present steels. Indeed
it is likely that Ai is slightly above 700°C, since pearlite is observed after holding at
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Photomicrograph showing second phase particles formed after finish
deformation above Ar3 and holding at 700°C in steel S I00. Mag. 400x
E tc h a n t nital.
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this temperature provided that FDT is sufficiently low for austenite to fully
decompose to pearlite prior to holding.

At FDT higher than Ai (ie above 700°C) pearlite does not form immediately after
finish deformation. It is likely in this case that austenite is present at the onset of
holding at 700°C, with subsequent decomposition o f austenite occuring during
holding. The resultant second phase consists o f what is considered to be mainly
cementite occurring at triple points as can be seen in Figure 5.8. It is also possible that
some residual austenite is present after holding at 700°C. This residual austenite can
transform to either bainite or martensite during quenching at the end of the hold
period.

At extremely low FDT (ie 640°C or lower) coarse cementite particles (approx ljum)
are observed on ferrite grain boundaries prior to finish deformation in S060 and S100
steels. These particles are likely to form as a result o f increasing supersaturation of
carbon within ferrite as FDT is decreased below 700°C. As can be seen in Figure 5.9
the change in carbon solubility is significant between 600°C and 700°C which can lead
to considerable supersaturation and hence precipitation of cementite. In the case of
steels S100 and S060 very coarse cementite precipitates occur at FDT of 640°C
whereas finer precipitates occur at FDT o f 600°C. This is possibly due to the fact that
both driving force (due to carbon supersaturation) and diffiisivity are sufficiently high
at an FDT o f 640°C, whereas at 600°C, although the driving force is higher, the
diffiisivity is considerably lower leading to finer precipitates.
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5.2.2 Influence of Particles on Grain Coarsening at FDT’s below Ai
In steels S060 and S100 it seems likely that pearlite forms during deformation when
FDT is below Ai (ie 690°C-640°C). In addition large cementite particles are also
observed at grain boundaries prior to deformation. In other studies it has been found
that the presence o f large second phase particles such as these have an influence on
ferrite recrystallization (Gawne et al, 1969; Gladman et al, 1971). This section
investigates such a possiblity in steels S060 and S I00.

5.2.2.1 Influence of Second Phase Particles on Nucleation at FDT below Ai
The microstructure after finish deformation at low FDT in steel S100 is shown in the
photomicrograph in Figure 5.10. It can be seen that ferrite recrystallization occurs
with nucleation occuring predominantly near pearlite particles. The observation of
recrystallization near pearlite particles is consistent with results obtained by Gawne et
al (1969) on cold rolled and annealed low carbon steel. In their study it was
considered that recrystallization occurred at deformation bands which formed around
hard spheroidised second phase particles during rolling. In the present work this is a
possibility although it is unlikely that severe deformation banding would occur around
particles due to the combination o f low strain and reasonably high FDT.

Texture measurements on steel S100 at FDT below Ai indicate that similar texture to
that obtained in steel S004 (ie {001} ||CD) occurs. This contradicts the observation of
particle induced recrystallization in steel S I00, since nucleation at deformation bands
around second phase particles is generally associated with more random texture
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Photomicrograph showing nucléation of recrystallised grains at pearlite
p a rtic le s in steel S I 00 (8 = 0 .5 at 6 4 0 °C ). M ag . 4 0 0 x E tc h a n t nital.
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components (Humphreys e ta l, 1995). The texture after deformation below A x in steel
S100 (ie Figure 4.38) would therefore be expected to be weaker than that obtained in
steel S004 (Figure 4.40) under similar deformation conditions. The fact that this is not
the case indicates that a similar form o f oriented nucleation (to that in steel S004) is
occurring in steel S100 despite the influence o f pearlite particles on recrystallization.
Alternatively it is possible that the {001} ||CD component is caused by isolated nucleii
which do not form near pearlite but rather at ferrite grain boundaries. Small numbers
o f these nucleii were observed in steel S I00, however it appears unlikely that these
were present in large enough numbers to significantly influence texture. It therefore
seems that additional work needs to be done to more clearly elluciate on this matter.

S.2.2.2 Influence of Second Phase Particles on Grain Size at FDT below Ai
In Figure 5.10 it is apparent that pearlite particles act as sites for nucleation of
recrystallised grains. This introduces an additional nucleii source in steels which
contain second phase particles, and as a result of this the nucleation density is quite
high, particularly when comparison is made with steel S004. This could explain why
such a large difference in final grain size is observed between steel S004 and the steels
of higher carbon content, since recrystallised grain size is primarily a function of
nucleation density (Humphreys et al, 1995). This is particularly the case when site
saturated nucleation occurs as has been observed in low carbon steels which contain a
high proportion of ferrite (Hutchinson et al, 1995).
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5.2.3 Influence of Particles on Grain Coarsening at FDT’s above Ai
At FDT’s above Ai the situation becomes more complex due to the presence of
increasing amounts of austenite during finish deformation. Under such circumstances
it is likely that nucleation of strain free grains occurs predominantly near these
austenite particles (Barnett et al, 1995). What is unclear, however, is whether
nucleation o f these strain free grains occurs within:

1) deformed austenite

(ie transformation induced coarsening), or 2) deformed ferrite near the surface of the
austenite (ie recrystallization). In order to further investigate this steel S100 samples
were examined immediately after finish deformation within the a+y region, in the
quenched condition, using EBSD and optical microscopy.

5.2.3.1 Influence of Second Phase Particles on Nucleation at FDT above Ai
In steel S100 texture measurements were made on coarse strain free ferrite grains
immediately after finish deformation at 770°C. This was carried out in order to to
determine the origin o f these growing strain free grains in the present steel. The
results indicate that at an FDT o f 770°C the texture o f coarse strain free grains after
low strain (ie s=0.3) resembles that o f transformed ferrite, whereas at increased strain
(ie s=0.5) the texture resembles that o f recrystallised ferrite. This suggests that when
FDT is high (ie near Ar3) mechanism (2) occurs at large finishing strain, while
mechanism (1) occurs at lower finishing strain. However, due to the minor differences
in texture at low and high strains it was considered that additional evidence was
required to differentiate between these two mechanisms.
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Metallographic studies on quenched S100 samples suggest a similar result to that
obtained from texture measurements as shown in Figure 5.11. At a finishing strain of
0.5 (ie Figure 5.11b), the mechanism of nucléation is apparently different to that
which occurs at a finishing strain of 0.3 (ie Figure 5.11a). At high finishing strain it
appears that strain free grains have nucleated within deformed ferrite with growth
occurring near the surface o f austenite (ie martensite after quenching). It is also
observed that no impingement of strain free grains into the austenite has occurred, and
this is consistent with mechanism (2). At low strain, on the other hand, strain free
grains appear to have nucleated from within deformed austenite and subsequently
grown to consume deformed ferrite which is consistent with mechanism (1) described
earlier.

At lower FDT than 770°C (ie 740°C) smaller amounts of austenite are present during
deformation. The texture at this FDT in steel S100 is similar to that which occurs
when FDT is below Ai indicating that ferrite recrystallization has occurred. The
microstructure in steel S100 after finish deformation at 740°C (e=0.3) followed by
immediate quenching can be seen in the photomicrograph in Figure 5.12. It can be
seen that little or no impingement of coarse strain free ferrite grains has occured into
austenite, which is further evidence that ferrite recrystallization occurs at low FDT

As a result it is possible that at low FDT mechanism (2) occurs, whereas at high FDT
(ie near Ar3) mechanism (1) can occur provided that finishing strain is low (ie e=0.3),
although, as finishing strain increases at high FDT (ie 8=0.5), it is likely that
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(b)
Figure 5.11

Photomicrographs showing structure after finish deformation at 770° C
followed by immediate quenching in steel S I00, a) strain = 0.3, b)
strain = 0.5. Mag. lOOOx Etchant nital.
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Photomicrograph showing structure after finish deformation (e=0.3) at
740°C followed by immediate quenching in steel S I00. Mag. lOOOx
Etchant nital.
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mechanism (2) again operates. Thus it is apparent that no single mechanism is
observed but rather dual mechanisms particularly when FDT is high. It is also possible
that mechanisms (1) and (2) compete with each other in this temperature range.
This could explain why mechanism (1) dominates at low strain and high FDT since
ferrite transformation kinetics would be extremely rapid at FDT’s in this range
irrespective of the strain level. On the other hand, ferrite recrystallization kinetics
should be relatively slow at low finishing strain and it is possible that higher finishing
strain will lead to more rapid increase in ferrite recrystallization kinetics than
transformation kinetics. This increase in ferrite recrystallization kinetics could
therefore eventually lead to domination of mechanism (2) over mechanism (1) at
higher finishing strain.

As FDT is decreased the amount of austenite present during deformation is reduced
and hence the transformation kinetics are slower during subsequent cooling. Thus it is
easier for mechanism (2) to dominate mechanism (1) at lower FDT. In addition the
austenite which is present at low FDT will have higher strength. This should lead to
enhanced strain localisation within ferrite and hence more rapid ferrite recrystallization
kinetics which is also favourable to mechanism (2).

The above discussion applies directly to observations on steel S I00, but it is
envisaged that steel S060 will also display the same behaviour since both steels have
similar dependence of microstructure on FDT. In the case of steel S060, however, it is
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likely that higher FDT’s will be required to induce mechanism (1) due to the
difference in Ar3 temperature between these steel grades.

S.2.3.2 Influence of Second Phase Particles on Grain Size at FDT above Ai
In steel S I00 at FDT’s below Ai it was observed that preferential nucléation o f
recrystallized ferrite grains occurs near second phase pearlite particles. At FDT’s
above Ai the mechanism o f nucléation may be slightly different, however, there is still
a tendency for strain free ferrite nucleii to be in close proximity to austenite particles
as shown in Figure 5.11. This has the effect o f introducing additional nucleii when
comparison is made with steel S004, and the result is that finer grain size is observed
in steel S100 than in steel S004 at all levels o f strain above Ai.

At the highest FDT’s in steel S100 (ie near Ar3) it is likely that an equally important
role is played by the rapidly increasing austenite volume fraction at temperatures in
this range. Present results suggest that increasing austenite volume fraction has a
significant refining effect on ferrite grain size and this can be rationalised by examining
the photomicrograph in Figure 5.11a. In this figure it seems likely that growth of the
strain free grain shown occurs into deformed ferrite even though nucléation appears
to have occurred within austenite. Similarly in most o f the observed instances of
nucléation in steel S1Q0 rapid growth o f strain free grains was only apparent within
deformed ferrite rather than deformed austenite.

A possible reason for the slow growth o f ferrite grains in austenite is that carbon
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redistribution must occur leading to diffusion controlled growth (DeArdo, 1984). It is
likely that this contributes to the formation o f fine ferrite grains within austenite by
allowing large numbers of nucleii to form. This occurs because nucleation of
transformed ferrite grains within austenite is likely to be a non site saturated process
which occurs continuously during cooling after finish deformation. Thus, if the
original transformed nucleii that formed after finish deformation can not grow at a
sufficiently rapid rate to give impingement then it is possible that additional nucleii
will form during subsequent cooling leading to refinement in grain size. On the other
hand, if some o f these original nucleii come into contact with deformed ferrite then it
is likely that larger grains will form due to the relatively rapid growth rate of strain
free grains within deformed ferrite which is apparent in steel SI00. The formation of
these coarse grains is aided by the fact that nucleation density of strain free ferrite
grains within deformed ferrite is inherently low in the present steels, even in the
presence o f second phase particles such as austenite.

From these observations it can be more clearly understood why high ferrite volume
fraction (prior to finish deformation) is associated with coarse grain size after finish
deformation and holding in steels S I00 and S060, since it is the deformed ferrite
which appears to be replaced by rapidly growing ferrite grains which eventually
become coarse. On the other hand, it is likely that fine ferrite grains have nucleated
from within austenite grain interiors, since this would make it difficult for them to
contact with deformed ferrite and subsequently grow to coarse size. Therefore at
higher FDT larger numbers of fine grains are observed in steels S060 and S I00, and
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this is likely to be due to the fact that the large austenite volume fraction at these
FDT’s has led to increased nucléation within austenite grain interiors subsequent to
finish deformation. As a result it is likely that these ferrite grains have not been able to
grow to coarse size due to factors discussed previously.

5.3 Prediction of Ferrite Grain Size in Steel S004 after Holding
In steel S004 complete ferrite recrystallization occurred after finish deformation below
Ar3 followed by holding, provided that strain is above scrit. This indicates that ferrite
grain size after holding in steel S004 is determined by nucléation density of
recrystallised ferrite grains, which in turn is likely to be influenced by factors such as
FDT and finishing strain. A similar situation can occur following deformation within
the austenite phase where grain size is influenced by static recrystallization. Under
such conditions the austenite grain size after complete recrystallization can be
predicted as a function of important processing variables using empirical equations
similar to the one shown below (Sellars, 1990b):

d = CdoVbZ-°

where d

- recrystallised grain size

C,a,b,c

- constants and co-efficients
d„

- initial grain size

8

- strain

z

- Zener Holloman Parameter ( Z = S exp (Q/RT))

(5.1)
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Figure 5.13

Power law curves which were correlated with experimentally measured
grain size data at various finishing strains in steel S004.
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Power law curves which were correlated with experimentally measured
grain size data at various levels of temperature corrected strain rate (ie
Zener Holloman parameter) in steel S004.
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Co-efficients and constants obtained after correlation of Equation 5.1
with experimentally measured grain size data in steel S004.
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Figure 5.15

Correlation between grain size predicted using Equation 5.1 (using the
co-efficients in Table 5.1) and experimentally measured grain size in
steel S004 at various levels of strain and FDT.
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Equation 5.1 has been used by other authors (Barnett et al, 1995) to predict grain size
in 0.05%C steel which has undergone ferrite recrystallization following deformation
near the Ai temperature. In steel S004, as has been mentioned, it is also likely that
ferrite grain size after finish deformation is primarily influenced by recrystallization
and as a result Equation 5.1 can be used to predict grain size after finish deformation
in this steel.

In order to predict ferrite grain size in steel S004 using Equation 5.1 a similar method
to that used by Barnett et al (1995) was applied to the present grain size data at
FDT’s from 790°C-690°C, The ferrite grain size after holding* in steel S004 was
plotted against finishing strain and Zener-Holloman parameter (Z) as shown in Figures
5.13 and 5.14 respectively. Figure 5.13 shows the power law curves which are
correlated at each o f the various FDT’s, whereas in Figure 5.14 power law curves are
fitted at different levels of strain. The power law exponents obtained from the
individual curves given in Figures 5.13 and 5.14 are then averaged out to obtain
the co-efficients (b) and (c) in Equation 5.1. Following this simple substitution is used
to obtain a value for the (C) constant which resulted in the best correlation between
predicted grain size (using Equation 5.1) and experimentally measured grain size at
different levels of strain and Z. In steel S004 it was not possible to obtain the co

* It was assumed that negligible ferrite grain growth occurred during holding in steel S004.
This was necessary because present experimental grain size data for steel S004 was obtained
at the completion of holding rather than immediately after recrystallization.
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efficient (a) due to the fact that only one initial ferrite grain size was examined.

Table 5.1 lists the constant (C) and co-efficients (b) and (c) obtained by the method
described previously using an activation energy for ferrite deformation o f 280kJ/mol.
The correlation between experimentally measured and predicted ferrite grain size
according to Equation 5.1 (using the co-efficients in Table 5.1) is shown in
Figure 5.15. It can be seen that the ferrite grain size after finish deformation is
predicted to within ±20 pm in steel S004. The strong agreement obtained between
experimentally measured and predicted grain size provides further evidence for the
occurrence of ferrite recrystallization in the present steel.

An important factor to note is that Equation 5.1 is only considered valid for
deformation carried out in the work hardening region. The work hardening behaviour
in steel S004 can be seen from the flow curves presented in the results section in this
thesis. The curves show that steady state flow behaviour occurs in steel S004, with a
gradual monotonic increase in flow stress being observed within the steady state
region. This indicates that dynamic recovery occurs during deformation, but there is
still some degree o f work hardening. Therefore the use of Equation 5.1 to predict
ferrite grain size in steel S004 seems to be valid.

Similarly in steels S060 and S100 (with higher carbon levels) the flow curves show
work hardening within the steady state region, and as a result the use of Equation 5.1
to describe femte grain size after finish deformation in these steels is also valid. In the
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following sections an attempt will be made to correlate Equation 5,1 with
experimentally measured grain size data in steels S060 and S I00.

5.4 Prediction of Grain Size in Steel S06O after Holding
Equation 5.1 was found to give good correlation with recrystallised grain size in steel
S004, which is likely to be due to the feet that the microstructure of this steel is single
phase ferrite over the range o f testing temperatures used in this work. In steel S060,
the carbon level is higher than that in S004 leading to observation o f austenite phase
at increased FDT’s. At such temperatures it is unlikely that Equation 5.1 can be used
to predict ferrite grain size in steel S060, since this equation does not consider the
influence o f austenite volume fraction on ferrite grain size. The austenite volume
fraction has a significant effect on ferrite grain size after finish deformation in steel
S060 because at high FDT it leads to generation of fine transformed ferrite grains.
This results in an overal reduction o f grain size particularly at FDT’s near Ar3 where
austenite volume fraction is significant. As a result, grain size predictions according to
equation 5.1 are likely to be larger than those observed experimentally in steel S060.

In this section an attempt was made to overcome the difficulty of increasing austenite
volume fraction in steel S060 by separately predicting transformed ferrite grain size
(fine grains formed within austenite) and recrystallised ferrite grain size (coarse grains
formed near surface of austenite) after finish deformation at a given temperature and
strain. The final grain size was obtained by combining these two predictions in
proportions depending on the relative amounts o f austenite and ferrite at a given FDT.

Chapter Five

Discussion

251

Comparison of the grain size predicted in this way was then made with experimentally
measured grain size in order to assess whether or not any large difference between
grain sizes occured, and if this could be ascribed to the occurance of mechanisms
other than recrystallization (ie transformation induced coarsening) which are likely to
occur at FDT’s near Ar3 in steel S060.

5.4.1 Grain Size Prediction between Ai and 790°C
In steel S060, the austenite volume fraction does not exceed 20% at FDT’s up to
790°C. Consequently the majority o f the grains observed after finish deformation at
such temperatures are coarse and likely to have formed as a result of ferrite
recrystallization. As a result of this an attempt was made to correlate Equation 5.1
with experimentally measured grain size data after holding for FDT’s between
690-790°C in a manner similar to that carried out in steel S004. The relation thus
obtained between FDT, finish strain, and final ferrite grain size (using an activation
energy for ferrite deformation o f 280 kJ/mol) is given below:

dOTSX= 77.5 e'0'453 (Z)-0,0287

(5.2)

Equation 5.2 is based on the assumption that negligible grain growth occurs during
holding at 700°C. At FDT’s near Ar3 in steel S060 it is very likely that some grain
growth occurs during holding in steel S060, since this has been observed in steel
S I00. At lower FDT, however, it appears that grain growth during holding in steels
S060 and S100 is not as marked, and it is likely that only a small amount of grain
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growth would occur in steel S060 following finish deformation in the range o f
690°C-790°€.

Despite the possibility o f grain growth occuring in steel S060 the experimentally
measured grain size after holding can be predicted to an accuracy o f ±5pm using
Equation 5.2, provided that FDT is in 790°C-690°C temperature range. At higher
FDT than 790°C the measured ferrite grain size is considerably finer than that
predicted by Equation 5.2 due to the rapidly increasing austenite volume fraction in
steel S060 at such high FDT’s. Similarly at lower FDT than 690°C Equation 5.2
cannot be used to accurately predict grain size in steel S060 due to the fact that
complete recrystallization does not occur at such low temperatures.

In Table 5.2 the co-efficients obtained from Equation 5.2 for S060 steel are compared
with results reported by other authors on low carbon steel (Barnett et a/, 1994;
Senuma et at, 1994). It can be seen that the co-efficients obtained in this work are o f
the same order as those obtained by other authors, but there are some discrepancies.
Firstly the strain co-efficient (b) reported by Barnett et al is significantly higher than
that obtained in this work (ie 0.7 as opposed to 0.45 in present work), which is
likely to have resulted from the different strain rate used in these two studies. This is
possibly because strain rate could influence the work hardening rate during finish
deformation, which in turn is likely to influence stored energy, and subsequently
nucleation density at a given strain. As a result, it is possible that use o f a lower strain
rate in steel S060 (ie less than Is-1) could lead to different dependence o f ferrite grain
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Co-efficients obtained in this work compared with those calculated by
Barnett et al(1994) according to the relation drex= C.d0a.e'b.Z'c

re f

Carbon (wt%)

a

b

c

Q(kJ)

Barnett

0.055

0.55

-0.7

-0.06

280

Senuma

0.01

-0.4

-0.07

280

present

0.055

-0.45

-0.03

280

—

—

size on finishing strain and thus change in the value of the (b) co-efficient.

Table 5.2 also shows that other authors have obtained higher values of the
temperature corrected strain co-efficient (c) than that observed in the present work.
This can be explained in terms of the slightly increasing proportion of fine ferrite
grains at FDT’s up to 790°C in steel S060, which is not likely to have been as
significant a factor in other studies. The influence of transformed ferrite grains on the
(c) co-efficient will be considered in more detail in a later section.

5.4.2 Grain Size Prediction Above Ar3
In the preceding section Equation 5.2 was correlated with grain size data obtained at
lower deformation temperatures (790°C-690°C) where austenite volume fraction is
insignificant. Equation 5.2 does not consider the effect of fine transformed ferrite
(nucleated from within deformed austenite during cooling) on the final ferrite grain
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size and thus can only be utilised for finish deformation temperatures where the
austenite volume fraction is negligible. In order to obtain a grain size prediction at
higher temperatures an attempt was made to fit the grain size data in steel S060 for
FDT’s slightly above Ar3 (ie 905°C & 865°C for e=0.05,0.1,0.2,0.3,0.5) where only
fine transformed ferrite was observed after subsequent holding at 700°C for 15
minutes.

The effect o f strain and FDT above Ar3 on transformed ferrite grain size after holding
in steel S060 has been presented in the results section. Comparison of the present
results with those reported by Priestner et al (1993) shows a similar effect of strain on
transformed ferrite grain size. The equation used by these authors was found to give a
good correlation with the present results for an FDT of 865°C (with do=26jLim and
a=0.035), however, a similar fit with the present results at an FDT of 905°C
(do=26pm) was not plausible. A possible explanation could be that in the latter case
(905°C) deformation was completed at a temperature significantly higher than the
onset of the transformation and thus restoration was allowed to occur within austenite
prior to transformation. On the other hand, the procedure carried out by
Priestner et al involved deformation during the transformation, and it is possibly for
this reason that the equation used by these authors could not adequately support the
present results.

Due to the discrepancy between predicted grain size using the equation by Priestner et
al and experimentally measured grain size in steel S060, an attempt was made to
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correlate the present data above Ar3 with Equation 5.1. It was found that reasonably
accurate prediction can be made if an activation energy o f 240 kJ/mol (which
represents the activation energy for the deformation of austenite in a C-Mn steel)
reported by Hodgson et al (1990) is used. The following equation represents the
calculated value o f ferrite grain size after deformation above Ar3 followed by
transformation and holding at 700°C for 15 minutes provided that the cooling rate is
similar to the one used in this work (2°C/sec):

datranB=142.5 8'01541 (Z)'00922

(5.3)

The relation given above is only valid for deformation within the work hardening
region since it is based on Equation 5.1. In steel S060 the flow curves display work
hardening at all levels o f finishing strain up to 0.5 for FDT’s above Ar3, which
indicates that Equation 5.3 is valid at such high strains.

5.4.3 G rain Size Prediction Throughout the Two Phase (a+y) Region
Equations such as 5.2 and 5.3 are only valid at FDT’s below and above Ar3
respectively, which leads to difficulties in using such equations over the range of
FDT’s examined in steel S060. An attempt was made to overcome such difficulty by
combining Equations 5.2 and 5.3 in a single relationship which could be used to
predict the ferrite grain size after finish deformation throughout the two phase region
(ie Ar Ar3). In order to achieve this straining was assumed to be homogenous within
austenite and ferrite phases (ie s=sa=8y), although it is more probable that ferrite
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experiences slightly higher strain due to it being the softer phase. A linear mixture rule
was applied to the transformed and recrystallised ferrite grain sizes after finish
deformation so that the final grain size is given by;

d«= (142.5 s'0'1541 ( Z f- 0922) X + (77.5 s'0'453 (Z)'0-0287) (1 - X)

(5.4)

where the term X represents the calculated empirical austenite volume fraction
immediately prior to finish deformation according to the formula reported by Choquet
et al (1990) shown in appendix 2.

Comparison between ferrite grain size predicted by equation 5.4 and the
experimentally measured ferrite grain size as a function of FDT can be seen in
Figure 5.16 for steel S060 at a strain of 0.3. The observed correlation between
predicted and measured grain sizes is quite good particularly at lower FDT (ie 690°C)
where ferrite recrystallization dominates. However, as FDT is increased it can be seen
that Equation 5.4 slightly underpredicts the grain size. The underprediction observed
in Figure 5.16 can be explained by the fact that a small amount of austenite (up to
20%) is present at FDT’s from 790-690°C in steel S060 leading to formation of a
similar proportion o f fine transformed ferrite after finish deformation. This results in a
microstructure which consists of mainly coarse recrystallised ferrite grains and a
relatively small proportion of fine transformed ferrite grains. These transformed ferrite
grains have a lower size than the coarse recrystallized ferrite grains which causes a
reduction in the overal measured grain size at FDT’s from 790-690°C. Equation 5.2
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is based on the measured data at these FDT’s and as a result the grain size predicted
by Equation 5.2 is finer than that of the coarse recrystallised component in steel S060.
Similarly the predicted grain size according to Equation 5.4 is also likely to be finer
than the experimentally measured ferrite grain size, since in Equation 5.4 the
transformed ferrite component (ie Equation 5.3) is added to the recrystallised ferrite
component (ie Equation 5.2) which, as discussed, already contains a small proportion
o f fine transformed ferrite grains. In other words the predicted grain size according to
Equation 5.4 contains a higher proportion o f fine transformed ferrite than X, and thus
the grain size is likely to be finer than that measured experimentally.

In order to compensate for this the measured data used to obtain Equation 5.2 was
recalculated (as shown in appendix 3) by taking into account the fact that the
experimentally measured grain size at FDT’s from 790°C-690°C (ie used to obtain
Equation. 5.2) contains a fine transformed ferrite component of volume fraction X.
Equation 5.1 was then recorrelated with the adjusted data such that a new equation
was obtained which predicts the grain size of coarse recrystallised ferrite grains only.
The grain size predicted by this equation will be termed decompensated in the sections
which follow:

d ecom p en sated

= 171 8-°-453 (Z)-°-519

(5.5)

The coarse ferrite grain size component predicted by Equation 5.5 can be combined
with the fine transformed ferrite component (Equation 5.3) to give a relation which is
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Figure 5.16

Comparison between predicted grain size using Equation 5.4 and
experimentally measured grain size in steel S060 at a finishing
strain of 0.3.
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Comparison between predicted grain size using Equation 5.6 (where
dorexhas been compensated to take into account measured transformed
ferrite components) and experimentally measured grain size in steel
S060 for a finishing strain of 0.3.
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Figure 5.18

Comparison between predicted grain size using Equation 5.4 and
experimentally measured grain size in steel S060 at finishing strains of
0.2, 0.3 apd 0.47.
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analogous to Equation 5.4. The resulting equation shown below can be used to
predict ferrite grain size with greater accuracy between FDT’s of Ai-Ar3 in
steel S060:

da = (142.5 s'01541 (Z)-°-0922) X + (171 s'0453 (Z)'0519) (1-X)

(5.6)

Comparison between predicted grain size using Equation 5.6 and experimentally
measured grain size in steel S060 is shown in Figure 5.17. It can be seen that the
experimentally measured grain size is finer than that predicted at FDT’s from 790°C850°C, whereas at lower FDT close agreement is observed. This can be explained in
terms of the different mechanisms which occur depending on FDT. At low FDT
ferrite recrystallization is likely to dominate and hence agreement between predictions
from Equation 5.6 (based on Equation 5.1 for recrystallization) and measured grain
size is reasonably good. However, as FDT increases to near Ar3 it is possible that
transformation induced coarsening (TIC) can also occur in conjunction with ferrite
recrystallization.

This leads to generation of more nucleii than by ferrite

recrystallization alone and hence the experimentally measured grain size is likely to be
finer than that predicted by Equation 5.6. In addition to TIC, it is possible that other
factors lead to observation of finer grain size in steel S060 than that predicted by
Equation 5.6 including:

1) Finer transformed ferrite grain size after preholding (ie initial ferrite grain size) - it
has been shown in a previous section that transformed ferrite grain size (measured
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immediately prior to finish deformation) is decreased when ferrite volume fraction is
low. Thus the initial ferrite grain size is smaller and Equation 5.5 is likely to over
predict the recrystallised ferrite component since it is based on an initial ferrite grain
size o f 26pm in steel S060.

2) Low impingement distance between austenite particles - at FDT’s slightly below
Ar3 the separation between austenite islands is small and hence recrystallised ferrite
grains can not grow to the coarse size predicted by Equation 5.5 since impingement
with austenite islands occurs.

Both o f the factors mentioned above are only expected to have an effect at FDT’s of
830°C or above where austenite volume fraction becomes significant. At FDT’s
below this it is, therefore, likely that occurance of TIC is the main reason why the
experimentally measured grain size is less than that predicted by Equation 5.6. As a
result it is possible that TIC begins to occur at FDT’s of approximately 790°C in steel
S060, since at this temperature the difference between experimental and predicted
grain size curves in steel S060 first becomes apparent.

The grain size data presented in Figures 5.16 and 5.17 show the effect of FDT when
finishing strain is 0.3. For finish strains other than 0.3, the experimentally measured
grain size data obtained in steel S060 can be seen in Figure 5.18 plotted against the
predicted values using Equation 5.4 (uncorrected dOTex). It can be seen that the
difference between predicted and measured grain size is quite large at higher strains
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(8=0.47), whereas at lower strains it appears that the temperature dependence o f the
ferrite grain size is higher than that predicted. Nevertheless the agreement between
predicted and measured grain size is reasonable and it is still envisaged that a
mechanism similar to that o f ferrite recrystallization plays the major role in
determining the observed ferrite grain size after deformation and holding below Ar3.

5.5 Prediction of Ferrite Grain Size in Steel S100 after Holding
For steel S100 a similar method to that utilised for steel S060 was used to predict
ferrite grain size after finish deformation and holding. Initially the grain size at low
FDT was correlated with Equation 5.1 so that the coarse recrystallised component of
ferrite grain size could be predicted. In the case of steel SI00, the grain size data at an
FDT of 790°C could not be used since 80% austenite was present at this FDT leading
to considerable refinement in grain size. As a result the coarse recrystallised ferrite
grain size in steel S100 was predicted using data at FDT’s from 740°C-690°C with
the resulting equation given below:

dorex=50 s ^ 5705 (zy 00271

(5.7)

The effect o f FDT on fine transformed ferrite grain size was evaluated from data
obtained after finish deformation at 810°C, 830°C and 850°C (ie above Ar3 which is
approx 810°C in steel S I00) followed by holding at 700°C. In this case only a finish
strain o f 0.3 was considered and hence no strain co-efficient (ie b) could be obtained.
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The resulting equation for transformed ferrite grain size at a cooling rate of
approximately 2°C/sec in steel S100 is given by:

d«tans=364.1 (Z)-0-115

(5.8)

The predicted grain size throughout the two phase (y+a) region (ie Ai-Ar3) can thus
be obtained by again assuming simple linear mixture of the fine transformed ferrite and
coarse recrystallised ferrite components to give the following equation:

da = (364.1 (Z)'0115) X + (50 s'0'5705 (Z)"0’0271) (1-X)

(5.9)

where the variable X represents the austenite volume fraction immediately prior to
finish deformation in steel S I00.

Figure 5.19 shows the comparison between experimentally measured grain size and
predicted grain size according to Equation 5.9 at various FDT’s in steel S100
(strain = 0.3). It can be seen from Figure 5.19 that the predicted grain size is finer
than the measured grain size except at high FDT, which is similar to the behaviour
observed in steel S060. This was considered to be due mainly to the fact that
the equation used for predicting the coarse component of ferrite grain size
(ie Equation 5.7) actually contains up to 20% fine transformed ferrite, since up to
20% austenite is present at FDT’s between 740°C-690°C. In order to compensate
for this a similar method to that used for steel S060 (ie shown in appendix 3) was
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Figure 5.19

Comparison between predicted grain size using equation 5.9 and
experimentally measured grain size in steel S I00 at a finishing
strain of 0.3.
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Finish Deformation Tem perature (°C)

Figure 5.20

Comparison between predicted grain size using equation 5.11 (where
darex has been compensated to take into account measured transformed
ferrite components) and experimentally measured grain size in steel
S I00 at a finishing strain of 0.3.
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aPP^ed to steel S100 resulting in the following equations:

dflcrexcompensated ~

140.4 S

1 (Z)"°'°534

da = (364.1 ( Z f A15) X + (140.4 s '0371 (Z)“00534) (1-X)

(5.10)

(5.11)

Comparison between predicted ferrite grain size based on Equation 5.11 and
experimentally measured ferrite grain size is shown in Figure 5.20 for a strain o f 0.3 in
S I00 steel. It can be seen that predicted grain size is larger than the measured ferrite
grain size particularly at higher FDT. It is possible that this can be ascribed to the
occurrence o f TIC, since it is likely that TIC would result in higher numbers of nucleii
and therefore lower final ferrite grain size than that predicted by Equation 5.11 which
is based on recrystallization. This is in agreement with texture results in the present
work which seem to show that TIC is likely to occur at an FDT of 770°C in steel
S I00. In addition to TIC, other factors (as already discussed for steel S060) lead to
overprediction o f grain size at FDT near Ar3.

5.6 Comparison of Recrystallization Equation co-efficients in Present Steels
The ferrite grain size can be predicted reasonably well at low FDT (ie 690°C740°C) in the present steels using relations similar to Equation 5.1 provided that
completely strain free structure occurs after finish deformation. In these relations the
co-efficients are indicative o f the effects o f processing parameters on ferrite grain size
after deformation. Comparison o f the co-efficients obtained in steels S004, S060 and
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S I00 can be seen in Table 5.3, where it appears that significant variation is observed
in the value of the (C) constant for these steels. Table 5.3 shows that the (C) constant
has considerably higher value in steel S004 compared to the other two steels. This is
likely to be a result of the larger ferrite grain size which is observed after deformation
and holding in steel S004.

Table 5.3

Co-efficients obtained for recrystallised ferrite grain size using
Equation 5.1 for steels S004, S060, and SI00.

Steel

Component

c

b

c

S004

darex

5400

0.6394

0.1407

S060

darex

77.5

0.453

0.0287

S100

darex

50

0.5705

0.0271

Similarly the strain co-efficient (b) is highest in steel S004 which shows that finishing
strain has a large effect on grain size in this steel. It is possible that this can be
attributed to the influence of second phase particles on growth of recrystallised grains,
since in steels S060 and S100 growth of strain free grains is likely to be limited at low
strain due to impingement with austenite islands. This particularly is the case at an
FDT o f 740°C where the separation between islands is not large. As a result the grain
size in steels S060 and S100 can not become as coarse as that observed in steel S004
at low finishing strain leading to decrease in the value of (b) for the former two steels.
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Table 5.3 also shows the temperature corrected strain co-efficient (c) for each of the
present steels. This co-efficient is indicative of the change in ferrite grain size with
FDT. It can be seen that steels S060 and S100 have a lower temperature corrected
strain co-efficient than steel S004, which is likely to be a result of the increasing
volume fraction of fine transformed ferrite at higher FDT leading to decreased
temperature dependence of grain size in steels S060 and SI00. In previous sections
this effect was compensated for by calculating the grain size of the coarse

Table 5.4

Co-efficients obtained for uncompensated recrystallised grain size
(ie dorex) and compensated recrystallised grain size (ie decompensated)
using Equation 5.1 for steels S060 and SI00.

Steel

Cfo r darex

Cfo r darexcompensated

S060

0.0287

0.0519

S100

0.0271

0.0534

recrystallised ferrite component from measured grain size data (ie Equations 5.5 and
5.10). When such analysis is carried out, a higher temperature corrected strain co
efficient is obtained for both steels as shown in Table 5.4. These values are now
closer to the ones reported by Barnett et al (1994) which were obtained for
deformation temperatures below Ai. However, despite the significant increase in (c)
values for steels S060 and S100 after compensation, the highest temperature
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dependence of grain size is still displayed by steel S004. In addition the similar (c)
value in steels S060 and S100 suggests that this parameter is independent of
composition above a given carbon level.

5.7 Effect of Composition on Grain Size after Holding
In the results section, the significant effect of carbon level on ferrite grain size after
holding in steels S004, S060 and S100 was presented. The results show that for a
given set of deformation conditions steel S004 has significantly larger grain size than
the other two steels of higher carbon content. This is likely to be due to preferential
nucleation o f strain free grains which occurs near second phase particles in S060 and
S100 leading to higher nucleation density than in steel S004, and as a result
considerably finer grain size is displayed in the former two steels.

In steel S100 the grain size is finer than that observed in steel S060 at a given FDT
and strain. One reason for this is that the austenite volume fraction is generally higher
in steel S100 than in S060 at a given FDT, which leads to larger proportion of fine
transformed ferrite grains in steel SI00. This becomes particularly important at higher
FDT’s where the difference in austenite volume fraction is large between steels S060
and S I00. On the other hand, at lower FDT’s (ie near Ai) similar amounts of
austenite are present in steels S100 and S060 and consequently another factor is
responsible for the difference in grain size observed between these two steels in this
temperature range.
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At first it was considered that some of this difference could be attributed to the higher
initial grain size in steel S060, since other authors have observed an effect of initial
grain size on ferrite coarsening in low carbon steel after finish deformation below Ar3
(Barnett et al, 1995). This type of behaviour would be expected to occur in a steel
such as S004 where it has been shown that grain boundary nucleation predominates,
however, in steels S060 and S100 it has been observed that nucleation occurs near
second phase particles, rather than at grain boundaries. As a result it is unlikely that
initial grain size would have an influence on grain size after finish deformation in these
steels, and it is more likely that grain size will be affected by quantities such as spacing
between second phase particles.

The difference in grain size at FDT near Ai in steels S060 and S100 can, therefore, be
explained by considering the effect of the second phase (ie austenite) on nucleation of
strain free grains. As already mentioned, in these steels it appears that ferrite
recrystallization predominates at low FDT with nucleation occuring preferentially near
these second phase particles. Consequently the nucleation density of strain free
grains is likely to be related to the number of second phase particles per
unit area in the steel concerned. As can be seen in the photomicrograph in Figure 5.21
the density of second phase particles (ie number of second phase particles per unit
area) immediately prior to finish deformation in steel S100 appears to be higher than
that observed in steel S060 at an FDT of 690°C. Therefore recrystallised grain size in
steel S100 is likely to be finer due to the higher density of strain free nucleii which
result from the increased number of nucleation sites.
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Photomicrograph showing difference in number of second phase
austenite particles per unit area immediately prior to finish deformation
a) steel S060, and b) steel SI00. Mag. 200x Etchant nital.
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Inverse gram size ratio o f S I00 and S060 at various finish strains
(FDT=690°C) compared with the inverse o f second phase austenite
particle density ratio which was equal to 1.42 at the same FDT.

finish strain

8=03

8=0.3

s=0.4

8=0.5

grain size ratio

1.28

1.28

04

1.45

Further evidence for the influence of second phase particle paramétrés on grain size
is provided in Table 5.5 where the ratio o f grain size in steels S060 and S I00
(ie grain size S06G/ grain size SI00) can be seen at different finish strains for an FDT
o f 690°C. This can be compared with the inverse o f the ratio o f the number o f second
phase particles per unit area in steels S I00 and S060 (ie particle density SlOO/particle
density S060) which was equal to 1.42 prior to finish deformation at an FDT of
690°C. The reasonable agreement between these ratios (ie grain size ratio and inverse
particle density ratio) suggests that second phase particle density is inversely related
to ferrite grain size in steels S060 and S100. In addition it can be seen that the grain
size ratio shown in Table 5.5 more closely approaches the second phase particle
density ratio (ie 1.42) as strain is increased to 0.5. It is possible that this is due to the
feet that more o f the available second phase particles act as nucléation sites when
strain is high, leading to closer agreement between particle properties and ferrite grain
size after recrystallization.
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5.8 Kinetics of G rain Coarsening in Present Steels
In steel S004 a coarse strain free ferrite grain structure was in most cases achieved
prior to the onset of holding at 7Q0°C. This indicates that ferrite recrystallization
occurs rapidly after finish deformation in this steel, which differs with the findings of
other authors who have observed considerably longer times for recrystallization in hot
deformed pure iron (Glover et al, 1972; English et al, 1964). It is possible that some
o f this discrepancy can be attributed to differences in testing procedure and steel
composition. However, due to the significant variation in kinetics it is apparent that
some other factor could be responsible for the rapid recrystallization observed in S004
steel.

English et al (1964) derived an equation for recrystallization kinetics which evolves
from purely geometric considerations where only grain boundary nucléation is
considered to occur. The relation obtained by these authors is given by:

to.5= ^ - [ e x p ( i ) - l ]
kJo

where

to.s

- time to 50% recrystallization

C

- constant

D

- initial grain size

G,

- is a term used to describe growth rate of nucleii

(5.12)
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According to Equation 5.12 there is an exponential dependence of to.s on initial grain
size (ie D) and thus a slight change in initial grain size could lead to significant change
in recrystallization kinetics. In steel S004 the initial ferrite grain size is approximately
1/1 Oth o f that used in other studies (Glover et al, 1972; English et al, 1964), which in
turn results in a significant decrease o f toj and comparitively rapid recrystallization
kinetics in steel S004.

In steels S060 and S100 rapid ferrite grain coarsening is also observed after finish
deformation. It is likely that ferrite recrystallization occurs at low FDT in these steels
with nucléation occurring predominantly near second phase particles, rather than at
grain boundaries as is the case in single phase ferrite (ie steel S004). Due to this it is
likely that reduction of interparticle spacing in steels S060 and S100 will have a
similar effect on kinetics of recrystallization as reduction of initial ferrite grain size in
steel S004 (ie D in Equation 5.12). This indicates that ferrite recrystallization kinetics
will be most rapid in steel S100 because the interparticle spacing is lowest in this steel.

5.9 Prediction of Critical Strain using Empirical Equations
Observations in steels S004, S060 and S100 have shown that a critical strain
(ie écrit) must be exceeded to ensure completely recrystallised ferrite grain structure.
The magnitude of the critical strain has been found to depend on FDT in all three
steels. In the results section the effect of FDT on e^t (ie Sff in Figures 4.12-4.14) was
presented, and it was shown that Scrit remains more or less constant for FDT’s from
790°C-690°C, but increases drastically at FDT’s below 690°C. A similar situation
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occurs during deformation within the austenite phase where the critical strain for
dynamic recrystallization (ec) is also dependent on deformation temperature. Other
authors have found that critical strain for dynamic recrystallization of austenite (ec)
can be predicted as a function of Zener-Holloman parameter (Z) using empirical
relations similar to the equation given below (Maccagno et al, 1996):

8c = C d 0a (Z)b

where

a,b,C

- constants

do

- initial grain size

Z

- Zener-Holloman parameter (ie ^ = e exp (Q/Rl))

(5.13)

In steel S100 it appears that a similar relation to Equation 5.13 can be used to
describe e^it as a function of FDT below Ar3. The equation which follows was found
to give reasonably good correlation with experimentally measured sCIit at various
FDT’s in S100 steel:

S100

where

Sc* = 2x1 O'5 (exp(Q/RT)) °'2717

(5.14)

Q

- activation energy for deformation of ferrite (ie 280 kJ/mol)

R

- gas constant

T

- deformation temperature
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Finish Deformation Temperature (°C)
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Figure 5.22

Comparison between experimentally measured and predicted Sent using
Equations 5.14-5.16 for steel S004, S060 and SI00.
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On the other hand, in steels S060 and S004 the dependence of 8mt on FDT is slightly
different to that observed in S100 as shown in Figures 4.12-4.14. As a result the
equations below were found to give more accurate correlation with experimentally
measured ecrit as a function o f FDT in S060 and S004 steels:

S060 sc* = 0.1413 x exp (3xl0'16 x exp(Q/RT))

(5.15)

S004 Sent = 0.1954 x exp(4xl0'17 x exp(Q/RT))

(5.16)

Comparison between experimentally measured and predicted 8 ^ as a function o f FDT
can be seen in Figure 5.22 for steels S004, S060 and SI00. Under present solution
treatment conditions the agreement between experimental and predicted sCnt is good,
although as will be discussed in a subsequent section the degree of ferrite
recrystallization, and hence Sent, depends markedly on solution temperature at low
FDT in steel S060. In addition to this it is apparent from Equation 5.13 that strain rate
has an influence on sc in austenite, and it is thus likely that strain rate will effect
critical strain in the present three steels due to its influence on stored energy during
deformation. As a result Equations 5.14-5.16 should be used with caution when
solution treatment conditions and strain rate are not the same as those utilised in the
present work.
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5.10 Ferrite Grain Coarsening at low FDT
At low FDT (ie 640°C), it has been shown that ferrite recrystallization, and hence
ferrite grain coarsening, is retarded in the present steels. Other authors have attributed
similar behaviour to lack of thermal activation energy as FDT is decreased (Langley,
1991). In the present study, however, there is evidence that the retardation may be
due to the precipitation of fine aluminium nitride, since grain coarsening at low FDT
has been observed to depend on solution treatment conditions. For example, in steel
S060 grain coarsening appears to be restricted at high solution temperature
(ie 1170°C) and low FDT. This is likely to be due to the fact that high solution
temperature has led to increased dissolution of aluminium nitride and as a result ferrite
grain coarsening is retarded at low FDT in steel S060 due to the following reasons:

1)

precipitation of fine aluminium nitride - fine precipitates were observed following

low FDT and holding at 700°C although it was not possible to confirm that these
were aluminium nitride,

2)

presence of aluminium in solution - this can significantly retard ferrite

recrystallization due to formation of solute clusters (Gladman et at, 1971). At lower
FDT higher amounts of aluminium will be in solution due to retarded precipitation
kinetics of aluminium nitride at these temperatures (Wilson et al, 1988).

On the other hand, at low solution temperature (ie 1050°C) and low FDT grain
coarsening is not restricted in steel S060. This is possibly due to incomplete
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dissolution of aluminium nitride during solution treatment which enhances
precipitation of aluminium nitride within austenite during subsequent roughing (Leslie
et al, 1954). This in turn leads to removal of aluminium and nitrogen from solution
and results in reduction of driving force for fine precipitation of aluminium nitride
within ferrite. It is also possible that the coarse aluminium nitride formed by
precipitation within austenite leads to enhanced recrystallization (ie grain coarsening)
through formation o f deformation bands around aluminium nitride particles
(Michel et al, 1981).

In steel S060 precipitates were observed to consist of coarse plate morphology after
low solution temperature treatment. The diffraction patterns obtained on such
precipitates were found to closely match HCP aluminium nitride using the lattice
parameter quoted by Wilson et al (1988). This suggests that the coarse aluminium
nitride precipitates formed within austenite during roughing as a result of the low
solution temperature in these samples. It is also likely that precipitation of coarse
aluminium nitride within austenite has led to retarded precipitation of fine aluminium
nitride during subsequent finish deformation below Ar3, and as a result grain
coarsening was enhanced at low solution temperature. In steel S060 there appeared to
be no evidence to support the observation by other authors that nucléation of
recrystallised grains occurs at deformation bands formed near these coarse aluminium
nitride precipitates. This is not surprising since the generally accepted minimum
particle size for particle assisted recrystallisation is around 0.5-l|im (Porter et al,
1979), which is much greater than the AIN size observed in the current work.
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Table showing Al/N ratios for the present steels.

Steel

S004

S060

S100

A1:N ratio

8.67

6.73

8.61

In addition to the effect o f solution temperature on ferrite grain coarsening there also
appears to be a relation between Al/N ratio and grain coarsening behaviour in the
present steels when solution temperature is high. Table 5.6 shows the Al/N ratios for
the three steels examined in the present work. It can be seen that all these steels have
Al/N ratios significantly higher than stoichiometric (ie 27/14), although steel S060 is
closest to stoichiometry. It is possible that this has an influence on aluminium nitride
precipitation with closer stoichiometry leading to larger numbers o f finer precipitates
during finish deformation*. Such a hypothesis is supported by the fact that steel
S060 displays the greatest degree of retardation in grain coarsening behaviour at low
FDT and high solution temperature (ie 1170°C). Steels S060 and SI00, on the other
hand, exhibit similar Al/N ratios and hence the grain coarsening behaviour of these
two steels at low FDT does not differ significantly.

* with lower AVN ratios fe re should be less precipitation during cooling after roughing,
however this should lead to increased fine precipitation during subsequent finish deformation
since larger amounts of nitrogen will be left in solution (Ochiai et al, 1986).
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5.11 Influence of Grain Size on Room Temperature Hardness
Room temperature Vickers hardness measurements were made on the present steels
following hot compression testing. These measurements have already been presented
in an earlier section. The results show that Vickers hardness is a function of ferrite
grain size in all three steels provided that 100% strain free grain structures occur. In
order to further examine the relation between ferrite grain size and Vickers hardness
an attempt was made to confirm whether or not the Hall-Petch equation could be used
to describe present hardness results in terms of ferrite grain size. This was achieved by
substituting Vickers hardness for a Qas shown in the following equation:

G0 = a i+ k D -1/2

where

D

- Ferrite grain size

do

- Vickers hardness

k, di

- constants

(5.17)

1/2

In Figure 5.23 the measured Vickers hardness (ie o0) is plotted against D"

for the

present steels. It can be seen that an approximately linear relation is obtained
between these two variables for each steel indicating that the Hall-Petch equation is
obeyed. As a result the Oi and k values (from Equation 5.17) were obtained from the
gradients and y-intercepts respectively in Figure 5.23, and these are shown in Table
5 7

for steels S004, S060 and SI00. Other authors have shown that the di value in

Equation 5.17 is associated with the friction or unblocking stress required to move
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Table showing Gi and k values obtained from Equation 5.16 for all
three present steels.

Figure 5.23

Steel

(J,

k

S004

63.2

63.9

S060

82.8

104.2

S100

105.1

73.5

Correlation between D

12

and Vickers hardness for all three present

steels used to obtain constants in Hall-Petch equation.
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unlocked dislocations along the slip plane (Dieter, 1986). As such Oi is observed to
increase with alloying levels as can be seen in Table 5.7. On the other hand, the
physical interpretation of the constant k is not widely agreed upon and as such no
attempt will be made to interpret present results, although it appears that k is not
related to alloying level in steels S004, S060 and S I00.

CHAPTER SIX
6. Conclusions and Recommendations

6.1 Conclusions
In the current research program the main aim was to investigate the effect of various
processing parameters as well as steel composition on ferrite grain coarsening. In
addition the fundamental mechanisms of grain coarsening were examined and more
further elucidated. The following conclusions were arrived at based on present
experimental findings:

1)

Using a thermal analysis technique the experimentally measured Ar3 temperatures

were determined to be 898°C, 865°C and 810°C in steels S004 (0.004%C), S060
(0.06%C) and S100 (0.1%C) respectively for the roughing conditions and cooling
rate used in the present work. The Ai temperature was found to be approximately
700°C for steels S060 and S I00 based on metallographic results, but in steel S004 no
Ai transformation occured due to its low carbon content.

2) In S060 and S100 steel the second phase predominantly consisted of austenite after
finish deformation above 700°C followed by holding. At FDT’s of 700°C or lower the
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second phase was mainly spheroidised pearlite which formed during or immediately
after finish deformation below 700°C. Large cementite precipitates were observed to
form on ferrite grain boundaries prior to deformation at FDT’s near 640°C.

3) In steel S004 coarse ferrite grains were observed after finish deformation and
holding at all FDT’s provided that

100%

strain free structure occurred. At higher

FDT (ie 690°C-790°C), a critical strain of approximately 0.17 was necessary for
occurance of a 100% strain free structure, but at lower FDT (ie 640°C) the critical
strain was observed to increase significantly. For a given strain the grain size was
found to be smaller as FDT decreased. In steels S060 and S100 a completely strain
free structure was also necessary to ensure ferrite grain coarsening provided that the
austenite volume fraction prior to finish deformation was not high. In steel S060, a
critical strain (ie scrit) was necessary to induce

100%

strain free structure and hence

grain coarsening. At FDT’s between 690°C-790°C ecrit was found to be approx 0.15
whereas at lower FDT than 690°C a 100% strain free structure was more difficult to
obtain due to the higher critical strain at such FDT’s. In steel S100 no distinct value
of Sent was observed over a range of FDT’s, but rather a gradual increase in critical
strain with decrease in FDT occurred. The value of ecrit at high FDT was found to be
considerably lower than that in S060 and S004 steels which was attributable to the
high austenite volume fraction (approx 80%) in steel S100 at higher FDT’s.

4) In steels S060 and S100 ferrite grain coarsening was dependent on austenite
volume fraction prior to deformation. At FDT near the A x temperature austenite
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volume fraction was low and as a result coarse ferrite grains were observed following
deformation at strains above Sait. However, at higher FDT (ie slightly below Ar3) a
large proportion of austenite was present resulting in formation of a mixed structure
consisting of coarse and fine ferrite grains. The reason for this behaviour was that
coarse ferrite grains formed within deformed ferrite whereas fine ferrite grains formed
within deformed austenite in steels S060 and SI00. In steel S004 no austenite was
present over the range of testing temperatures from 790°C-640°C and ferrite grain
size was relatively coarse at all FDT’s.

5) In all three steels the grain size was refined with increase in finishing strain above
Sent irrespective of FDT. This was due to the fact that larger strain led to increased
numbers of strain free nucleii and thus finer grain size. At strains below sCnt, the grain
size in most cases was observed to become coarser with increase in finishing strain
which was due to the increase in volume fraction of coarse ferrite grains as strains
approached scrit.

6)

Following deformation at low FDT (ie 640°C ), the holding temperature had an

influence on the proportion of strain free ferrite grains within the structure. It was
found that high holding temperature (ie 700°C) led to an increase in volume fraction
of strain free ferrite grains when FDT was 640°C or lower. At higher FDT than
700°C completely strain free grain structure was present immediately after finish
deformation before the attainment of holding temperature. In this situation holding
temperature had no effect on volume fraction of strain free ferrite grains after finish
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deformation, however, grain growth occurred at high holding temperature (ie 700°C)
leading to consumption of fine transformed ferrite grains by coarse growing strain free
grains.

7) At high solution temperature (ie 1170°C) and low FDT (ie 640°C) ferrite grain
coarsening in all three steels was retarded, whereas at low solution temperature
(ie 1050°C) this was not the case. This was considered to be due to the influence of
solution temperature on aluminium nitride dissolution and subsequent reprecipitation
within ferrite. The degree of retardation of ferrite grain coarsening at high solution
temperature seemed to be influenced by Al/N ratio in the present steels.

8)

The ferrite grain size after finish deformation in steels S060 and S100 was

modelled by calculating fine transformed ferrite grain size and coarse ferrite grain size
separately using an empirical recrystallization relation and a linear mixing law based
on the relative amounts of each grain size component at a given FDT. Agreement
between predicted and measured grain size was good except at higher FDT (ie slightly
below Ar3) where overprediction occured. In steel S004 no fine transformed ferrite
was observed at FDT’s from 790°C-640°C and the grain size could be successfully
modelled using a single recrystallization relationship.

9)

At all levels of FDT and strain steel S004 (0.004%C) exhibited the coarsest ferrite

grain size followed by S060 (0.060%C) and S100 (0.1 %C) respectively. The largest
difference in grain size between these steels was observed at an FDT of 790°C
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together with finish strain just above scrit- At an FDT of 640°C the difference in grain
size was not as large due to the fact that

100%

strain free structure was not present at

lower finishing strains.

10) An increase in carbon level caused decrease in ferrite grain size after finish
deformation due to two main factors including:

I) At a given FDT the austenite volume fraction prior to finish deformation increased
with carbon content leading to increase in the proportion of fine transformed ferrite
subsequent to deformation.

11) The presence of second phase particles in steels S060 and S 1 0 0 acted as additional
nucleation points for strain free grains leading to finer grain size in these steels than in
steel S004 which showed only grain boundary nucleation. At higher carbon level the
density of second phase particles increased resulting in larger numbers of strain free
nucleii and thus lower grain size.

II

) Metallographic observations on steel S004 indicated that grain coarsening was

due to ferrite recrystallization with nucleation occurring predominantly near grain
boundaries. At strain below eCiit (ie 0 . 1 ) nucleation of recrystallised grains was still
observed however growth of recrystallised grains could not occur into neighbouring
deformed grains due to lack of driving force. At strains above scrit penetration into
neighbouring grains occured and hence coarse strain free grains were formed.
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12) In steels S060 and SI00 nucleation of coarse strain free grains occured
predominantly near second phase particles. This resulted in higher density of nucleii
and therefore smaller grain size than in steel S004. At FDT’s near Ai in steel S 1 0 0 it
was apparent that grain coarsening was due to ferrite recrystallization. However at
higher FDT it was apparent that transformation induced coarsening (TIC) could occur
at low finishing strain in steel S I 0 0 , although ferrite recrystallization was also likely to
occur at increased finishing strain. It is envisaged that steel S060 behaved in a similar
manner to steel S I 0 0 .

13) In steel S004 the dominant texture component after complete ferrite
recrystallization was {001} || CD although weaker {111} || CD was also present. This
was comparable with texture of the deformed structure which appeared to show
stronger {111} || CD. In most cases the growing {001}||CD recrystallised grains in
steel S004 were consuming deformed ferrite grains of {111} || CD orientation which is
the reason why {001} || CD was strongest in the fully recrystallised texture of steel
S004. In steel S100 recrystallised grains consisted of {001} || CD and weaker
{111} || CD whereas transformation induced coarsening in steel S100 was associated
with more random texture. Present results indicated it was possible to separate the
mechanisms of ferrite recrystallization and transformation induced coarsening by
examining texture in steel SI 0 0 .

6 .2

Recommendations for Future Research

A number of factors in the present research require further investigation including:
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1) It was shown that transfonnation induced coarsening (TIC) is likely to operate at
an FDT o f 770°C (£=0.3) in steel SI00. It is apparent from present results that texture
analysis can be used to determine which mechanism dominates (either recrystallization
or TIC) for a given set of deformation conditions. Future work could involve more
detailed texture analysis at numerous FDT’s and finish strains, so that an
understanding of the exact interplay between processing and mechanism can be
gained.

2) The number of austenite particles per unit area prior to finish deformation was
shown to have an effect on grain size after deformation and holding in steels S060 and
S100 and thus more work needs to be carried out to establish whether or not this
actually occurs in steels of different compositions.

3) At extremely low FDT (ie 640°C) in steels S060 and S100 it was found that a
discontinuity in stress/strain behaviour occurs at slightly above the yield strain. Due to
limitations in the present experimental equipment the reasons for this behaviour could
not be studied, however it seems possible that it is due to either spheroidisation of
pearlite particles or precipitation of cementite particles during deformation. It would
be o f interest to more clearly understand the processes which occur when FDT is
below Ai.
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APPENDIX 1

The ferrite grain size was measured using the intercept method described in
AS 1733-1976. This method involves the use of linear intercepts which are taken
along the three principle directions in the sample. From these measurements the
number of grains per millimetre intercepted by lines in the longitudinal, transverse and
normal directions can be obtained (ie nj, nt, n„), and as a result the number of grains
per cubic millimetre (n^n) can be calculated using:

nmm= 2/3 x ni x n t xn„

A l.l

The average grain diameter can then be obtained using Table A l.l on the next page.
In the present hot compression samples measurements were taken parallel (lie) and
perpendicular (np) to the compression direction. It was assumed that all directions
perpendicular to the compression direction would give equivalent grain size and
therefore n ^ was calculated using the equation below:

flmm = 2/3

X

(np) 2 X I l c

A1.2

Following this the average grain diameter was obtained using the data supplied in
Table A l.l. A curve fit was applied to this data in order to obtain accurate correlation
between n„m and calculated grain diameter.
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Table A l.l

Correlation between average number of grains per mm3 and calculated
diameter o f average grain.

Average number o f grains per

Calculated diameter o f

Grain size number

cubic millimetre

average grain (mm)

G

8

0.500

00

23

0.353

0

42

0.289

0.5

64

0.250

1

118

0.204

1.5

181

0.177

2

333

0.144

2.5

512

0.125

3

941

0.102

3.5

1449

0.088

4

2661

0.072

4.5

4096

0.063

5

7526

0.050

5.5

11571

0.044

6

21281

0.036

6.5

32768

0.031

7

60211

0.026

7.5

92631

0.022

8

170089

0.018

8.5

262144

0.016

9

741457

0.011

10

2097 x 103

0.0078

11

5931x 1 0 3

0.0055

12
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APPENDIX 2

According to Choquet et al (1990) a formal equation for transformation rate can be
written as follows:

dZ =Kcm(_
- dF(T)
_
± i X(1_Z)

A2.1

where Cm is mean cooling rate, Z is ferrite volume fraction, K is a constant and F is
given by:

F(T) = ex p [-—^ - ]
T -T o

A2.2

where k is a constant and Te is Ae3 temperature which was estimated using Ouchi’s
equation (Ouchi et al, 1982a).

Equation A2.1 can be re-arranged and integrated as shown below to obtain the ferrite
volume fraction Z:

^ = KCm(...- ) d l
dT
1 -Z

J-^ =fK C m (=® <I>)dT
Jl-Z

1

dT

A2.3

A2.4
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In (1-Z ) =

KCmF(T) +

c

A2.5

KCm F(T) + c
Z = 1 - exp

A2.6

KCmF(T)

/. Z = 1 - Cexp

A2.7

The austenite volume fraction (which will be termed X) is given by 1-Z resulting in
the equation shown below:

X = CexpKCmF(T)

A2.8

Correlation with present experimental results was obtained by first estimating T0 using
Ouchi’s equation and then using simple substitution of the constants C and K to
obtain the best agreement with experimentally measured austenite volume fraction
data.
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APPENDIX 3

At FDT’s below A 13 and above Ai the measured grain size consists of two
components including fine ferrite grain size which forms within austenite after
deformation (volume fraction X) and coarse ferrite grain size which forms within
ferrite after deformation (volume fraction 1-X). If linear mixing is assumed then the
following relation applies:

X datrans

(1"X ) dorexcompensated

dameasured

A3.1

Therefore the coarse component of ferrite grain size can be estimated by re-arranging
Equation A3.1 to give the relation below where X and datrans are estimated using the
empirical equations shown in previous sections:

dorexcompensated

(dameasured " X datrans) / (1 "X)

A3.2

This is only expected to be accurate at low austenite volume fraction where the
variation between empirically predicted and measured volume fraction can not be
large. Also at higher austenite volume fraction (ie close to 1) the 1-X term in
Equation A3.2 approaches zero which means that dorexcompensated will be erroneously
large.
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